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PROJECT  I 

FLAW  characterization  by  ultrasonic  techniques 


In  the  initiation  of  this  program  four  specific  objectives  were  set 
forth  These  were:  (1)  to  pursue  advanced  research  in  quantitative 
techniques  for  NDE,  (2)  to  establish  a  focal  point  for  ^E  research, 

(3)  to  enhance  communication  between  the  research  community  and  the  NDE 
user!  and  (4)  to  promote  the  image  of  NDE.  The  first  objective  was 
accomplished  by  a  series  of  coordinated  technical  tasks  which  will  be 
summarized  in  the  following  paragraphs.  The  remaining  three  obj 
were  also  reached  in  a  very  real,  though  more  intangible, '®ense.  Th 
progress  was  most  clearly  exemplified  by  the  success  of  the  WA/AM, 
review  of  quantitative  NDE  held  at  the  Science  Center  on  July  15-17  1975. 

Thismeetinf^was  a  review  of  the  technical  work  of  the  first  year  of  the 
program,  and  also  included  a  large  number  of  selected  papers 
related  areas.  Over  170  participants  were  present,  *  ,  ! ^50Z 

of  their  affiliations;  government  agencies  -  2**'  dl8JPiinary 

anH  universities  -  21Z;  illustrates  the  communication  across  discipline  y 
and  functional' lines  that  was  established.  The  active  discussions  and 
lengthy  technical  sessions  is  further  evidence  of  the  focussed  “Mention 
that  was  brought  to  bear  on  the  NDE  problems  and  potential  solutions  at 

the  meeting. 

The  direct  technical  part  of  the  program  at  the  Center  for  Advanced  NDE 
has  been  divided  into  3  projects.  Each  is  directed  toward  a  specific  proble 
area  identified  by  the  DOD  and  Science  Center  personnel  to  satisfyWo  maj 
requirements.  First,  major  DOD  systems  performance  ^  limi " 

inability  to  make  the  required  inspection  and  second,  promising  technology 
on  new  ideas  must  be  available  which  can  be  brought  to  bear. 

Prolect  I  is  addressed  to  the  problem  of  nondestructively  obtaining  data 
for  the  fracture  mechanics  analysis  of  flaws  found  in  structures.  Thus,  it  is 
desired  to  determine  the  size,  the  "“Elusion 

Sarin'rasonrci^rthe  JrLtmat  potential  for  yielding  quantitative 

_ i ..  oQrahllshed  orinciples  to  the  NDE  tleia. 
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enumeration  of  these  i.  W-  ;  '  aovever,  a  number  of  important 

the  Individual  report.  vhlch  foilo..^  be  identified.  The  to 

accomplishmenta  achieved  by  th  s  ^  gathering  and  P™"881"!^  „,st 

sss  w 

de*ecr'1'8lnetandCbased  upon^the  ^e888^b08a*^tionB*with°frenuency^ and  angle  • 

‘ -  -  — - 

In  orderit°aliSrePir.etfotrhetre  ^fnl^  ^^invaluable 

compl«ity^av®*keeninv«sti^^ed^dur  ing^thejrear  ^  experimentally . 
in  unraveling  tne  ri  v  .  other 

■‘{■tie  Hr«  ye“i!.  work  has  been  to  1 !««««  cs  c^nltie.  into  the  m% 

of  the  first  ye  physics,  and  geophysics  coiro  compensate 

engineering,  soiid  state  py  development  of  filters  w  ve 

~r:  ;::^-d 

flsHIssr 

tB^rtss  szsVi-  •  — 

st-ndard  in  the  future. 
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PROJECT  II 


NONDESTRUCTIVE 


EVALUATION 


OF  ADHESIVELY 


BONDED  SYSTEMS 


Summary 

A  very  serious  limitation  on  the  utilization  of  adhesive  bonds  in 

aircraft  structures  is  the  inability  to  “composite, 

strength.  This  problem  also  retards  bbeuseoffiberreinforce  P 

Jron".  of  accurately  reflecting  the  atrength  propertie,  of  a  part. 

For  adhe.lv.  Joint,  bet.e.n  net.l  lt'.‘»'“ 

=  EI=:.SiS=s §£S«.=:iL 

a  dramatic  change  in  the  frequency  dependence  of  the  refiect  thls 

ZZ. -Ifpr  :“le.  oft.n  ,-.lto 
fhrti«erirtr.r.tJ'pr^,1udrei;»ru:""hv‘e:«gh.^ «« » 

occurs  at  an  interface  where  thin  ay  signal  reflected  directly 

determine  the  layer  strength.  It  was  found  tha*  8£S“J  inter£ace 
backward  from  the  interface  was  too  strongly  by  th  8trength. 

effect,  to  exhibit  an,  propertie.  that  rtlch  Interact  »Uh 

IS’lISScnrlrSta  “  even‘proP»8«o  parallel  to  the  adhe.lve  layer. 

F„  the  proble.  of  stature  degradation  In  polyiaer  natrlx  conpo.ltea, 
measurementa  of  the  atrength  propertie.  of  graphlt.-epoW^tojl  ^* 

sSssSsr-Sjn'sSrsv^HK:- 

nondestructive  evaluation  techniques  were  delineated. 
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PROJECT  III 

y  nondestructive  measurement  of  strength  related  properties  ^ 


Summary 

One  of  the  most  valuable  potentials  of  quantitative  NDE  Is  to  perform 
a  nondestructive  test  on  a  part  to  predict  its  remaining  safe  life  In 
principle,  this  can  be  done  by  a  quantitative  determination  of  a  physical 
property  that  is  related  to  that  mechanical  state  of  the  Mterial ,  ^ 
controls  the  failure  process.  One  such  failure  related  mechanical  state 
is  the  degree  of  residual  stress  present  in  a  part.  Another  is  the  ac™**  c 
emission  signal  generated  by  a  part  when  its  load  approaches  the  ultima 
failure  stress.  Both  of  these  are  being  investigated  as  part  of  Project  III. 

Present  methods  of  measuring  residual  stress  in  a  nondestructive  manner 
are  based  on  X-ray  techniques  that  are  cumbersome  and  often  tine  S‘ 

They  also  only  measure  those  stresses  that  extend  over  large  distances 
conpaced°cothe  ...111.  gr.in  .1..-  Thla  1.  .a.l.factary  for  tho.a ca.a. 
where  the  failure  mechanism  involves  the  opening  of  cracks  at  the  sur 
such  as  in  stress  corrosion  cracking  and  in  the  latter  stag^so ff atigue 
failure,  but  is  unsatisfactory  for  those  cases  where  failure  is  lnuiat^d 
by  plastic  flow  on  a  microscopic  scale  such  as  during  the  very  early  stages 
of  fatigue  failure  and  in  the  pre-yield  microslip  that  sets  up  stress 
concentrations  to  initiate  general  yielding.  Previous  experiments  have 
shown  that  the  non-linear  phenomenon  of  ultrasonic  harmonic  generation  not 
only  reflects  microscopic  internal  stress  that  controls  dislocation  motion, 
but  that  it  is  a  well  defined  physical  property  of  a  material  that  can 
nondestructive^  measured  conveniently.  In  order  to  establish  Jhe  quantita¬ 
tive  relationship  between  harmonic  generation  and  the  state  of  inte 
stress,  measurements  have  been  made  on  pure  aluminum  and  its  alloys  as 
function  of  work  hardening,  precipitation  hardening  and  fatigue  damage. 

The  results  show  that  harmonic  generation  is  indeed  a  sensitive  indicator 
of  the  state  of  internal  stress,  but  that  a  more  systematic  study  supported 
b-  dislocation  theory  and  direct  measures  of  dislocation  parameters  must  e 
made  before  a  quantitative  nondestructive  test  method  can  be  demonstrated. 

For  those  residual  stresses  that  extend  over  large  distances  compared 
to  the  grain  size,  a  new,  ultrasonic  technique  was  investigated.  This 
method  utilizes  the  efficiency  by  which  electromagnetic  ^d^^on  excites 
ultrasonic  waves  to  perform  a  nondestructive  measurement  of  the  localized 
magnetostriction  on  the  surface  of  a  ferromagnetic  material.  Slnc*t^ 
magnetostriction  is  a  very  distinctive  function  of  stress,  it  can  be  used 
to  measure  the  level  of  stress  at  the  site  of  excitation  of  the  ultrasonic 
waves.  The  results  obtained  in  the  preliminary  experiments  were  very 
encouraging  and  further  work  to  define  tki  limitations  of  the  technique 
will  be  undertaken  next  year. 
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Acoustic  emission  has  been  .  »ost  v.luable  tool  not  only  for  locating 
flaws  in  large  structures  when  they  ..r^n  ISwb.ck 

™s  r  .hf  ‘‘ri:.bLfhif.nt^i?or;fo"t”nJu:^ii”-»r.i„i 

at°establ ishlng  a  correspondence  between  the  characteristics 
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PROJECT  I,  UNIT  I,  TASK  I 
PIEZOELECTRIC  TRANSDUCERS 
K.  M.  Lakin 

University  of  Southern  California 


This  report  covers  the  nine  month  period  .rom  the  start  of  this  task. 

The  three  suo-tasks  are  transducer  construction,  transducer  circuit  modeling, 
and  construction  of  a  data  acquisition  system  for  use  in  raliation 
pattern  analysis.  The  three  parts  of  this  program  are  intended  to  interact 
such  that  NDE  transducers  of  current  interest  and  commercial  manufacture  may 
be  rapidly  characterized  for  quantitative  NDE  applications  In  addition,  the 
construction  of  transducers  using  single  crystal  materials  is  being  i  - 

gated  in  order  to  achieve  consistent  and  identical  performance  between  several 
transducers.  The  materials  of  interest  are  those  available  on  the  open  mar 
such  as  lithium  niobate  and  barium  sodium  niobate  with  emphasis  placed  upon 
the  former.  Circuit  modeling  of  the  transducer  structure  is  undertaken  in 
order  that  the  transfer  function  between  electrical  input  (output)  and 
acoustic  output,  (input)  can  be  predicted.  For  commercial  ™8^ers  ° 
unknown  internal  construction,  it  will  be  necessary  to  measure  this  response. 

Since  the  electrical  terminal  measurements  are  only  one  dimensional  in 
nature,  it  is  necessary  to  examine  the  field  pattern  of  the  transducer 
function.  In  all  cases,  both  magnitude  and  phase  of  the  transfer  function 
is  being  examined  even  though  the  phase  information  is  not  employed  Dy  current 
NDE  ultrasonic  techniques,  except  holography. 


Transducers 

In  order  to  access  the  parameters  associated  with  transducer  design  and 
construction,  a  single  transducer  was  fabricated  u8^ng  36  rotat^  *~CUTh 
LiNb03  as  the  piezoelectric  and  grey  cast  iron  as  the  baking  medium, 
details  of  this  trancducer  construction  were  given  in  the  third  quarterly 
report  The  piezoelectric  disk  was  bonded  to  the  backing  using  a  conducting 
IZZ  xTis  bond  proved  to  be  quite  troublesome  in  that  its  finite  thickness 
caused  a  sizable  frequency  dependent  change  in  the  mechanical  load  impedance 
presented  to  the  piezoelectric  disk.  In  order  to  give  a  quantitative  descrip 
?ic-n  of  this  effect,  the  radiation  resistance  was  calculated  as  a 
of  frequency,  as  shown  in  figure  1,  using  bond  thickness  as  a  parameter  wi 
an  assumed  velocity  of  3.5  Km/sec.  for  the  bond  region.  By  comparing  such 
plots  to  the  experimental  results,  figure  2,  the  nature  of  the  bond  region 
could  be  determined.  This  was  possible  since  the  magnitude  of  the  Ration 
resistance  is  sensitive  to  the  bond  impedance  and  the  frequency of  ma: ximum 
radiation  resistance  is  sensitive  to  the  thickness-velocity  ratio  for  the 
larger  bond  thickness.  From  this  we  determined  that  the  epoxy  has  an 
impedance  of  11.5  x  106  kg/sec-m2  and  thickness-velocity  ratio  of  0.02  jxsec. 
UPva‘“ppare„t  then  that  tha  bead  thlcka...  u.ad  la  tha  axpari-aabal  davlca 
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was  80  microns  or  approximately  4  mils.  Although  not  the  intent  of  this 
experiment,  it  appears  that  such  a  procedure  could  be  used  to  give  a  quick 
and  accurate  measurement  of  the  acoustical  properties  of  thin  bonds  and 
associated  materials  not  normally  available  in  bulk  form.  The  affect  of  non- 
uniform  bond  thickness  was  not  examined  but  clearly  of  importance  since  it 
would  result  in  a  tilting  of  the  radiated  wave  fronts. 

Experiment  and  theory  did  not  agree  quite  as  well  when  the  transducer 
was  placed  in  water.  The  much  lower  observed  radiation  resistance  is 
thought  due  to  stray  capacitance  since  the  "hot"  electrode  of  the  transducer 
was  exposed  to  the  water.  An  additional  shunt  capacitance  of  20  pf.  is  all 
that  is  required  to  transform  the  series  loss  to  the  lower  value.  At  this 
writing,  the  capacitance  loading  effect  has  not  been  included  in  the  circuit 
modeling.  In  any  case,  the  hot  electrode  will  not  be  exposed  on  any  further 
design. 


Transducer  Modeling 

Circuit  modeling  of  transducers  employs  the  Mason  [1]  equivalent  circuit 
for  the  piezoelectric  disk  cast  in  the  form  shown  in  figure  3.  This  network 
is  most  easily  described  by  a  set  of  y-parameters  describing  a  three-port 
network.  In  this  case  the  acoustic  loads  are  characterized  by  admittances 
rather  than  impedances  as  is  customary.  The  ports  are  labeled  1,  2,  3  where 
1  and  2  are  acoustic  ports  and  3  is  the  electrical  port.  Using  this  designa¬ 
tion,  the  y-parameters  for  the  disk  are  given  by: 


11  “ 
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f  -  v/2l  disk  resonant  frequency 
Cc  -  clamped  capacitance 
r2  .  electromechanical  coupling  factor 
Z«p  -  disk  mechanical  impedance 
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From  these  y  parameters  the  electrical  terminal  admittance  is  readily  found 
from 


y33  "  y13 


yll>  +  YT1  +  YT2 


(yi2  +  YTl'  (*12  +  yT2>  -  yii^ 


whore  Y,^  and  Y  2  ere  the  acoustic  port  terminations.  The  values  of  Y  and 
YT2 /re  obtained  by  considering  the  loading  regions.  If  the  loads  are^ingle 
half-spaces  then  YX1  and  YT2  are  real  and  equal  to  the  reciprocal  of  the 
respective  media  impedances.  Otherwise  the  load  admittances  must  be  determined 
by  a  transmission  line  analysis. 

In  calculating  the  transfer  function  from  the  electrical  port,  3,  to 
one  of  the  acoustic  ports,  the  other  acoustic  port  is  given  an  equivalent 
impedance  or  admittance.  This  reduces  the  ciruit  element  to  a  two-port  and 
is  readily  described  by  well-known  techniques.  The  new  y  parameters  for  the 
two-port,  composed  of  ports  1  and  3,  are 

’'u  ■  ’'u  -  Yi 


L  I 


y22  "  y33  “  Y3 

h  - 

Y2  “  Fl2  Y13/d 
y3  ■  yX3/D 

r  -  yil  +  YT2 

where  the  3  port  has  been  relabeled  the  l'  port  for  convenience. 

Now,  any  two-port  scattering  parameter  [2]  may  be  determined  using  the 
primed  y  parameters.  The  transfer  functions  are, 

Sl2  S21  (1  +  y’ ?  <1+  y22>  ‘  yl2 

At  this  t.4me  the  transfer  function  has  not  been  included  in  the  computer 
codes  but  is  in  the  process  of  being  programed. 

Radiation  Field  Pattern 

The  radiation  field  pattern  of  an  NDE  transducer  is  an  important  element 
in  the  overall  quantitative  description.  Of  importance  is  beam  intensity 
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relative  to  the  assumed  axis  of  the  transducer,  on  axis  and  off  axis  diffrac¬ 
tion  peaks  and  nulls.  The  diffusion  pattern  is  wavelength  dependent  causing 
an  uncertainty  in  wide  oand  pulse  measurements. 

The  field  pattern  right  at  the  transducer  is  of  interest  because  it 
determines  the  remote  field  pattern  and  also  gives  some  insight  into  the 
op""«n  of  th.  transduce! .  In  order  to  accur.tely  characterise  the  bean 
pattern  it  is  necessary  to  measure  the  amplitude  and  phase  of  the  rad^tJ°n 
^several  side-lobes  as  well  as  the  main  beam.  It  is  also  necessary  to 
accumulate  this  data  in  matrix  form  so  that  the  inverse  transform  may  be 
carried  out  on  the  computer. 

The  experimental  set-up  for  pattern  measurements  is  shown  in  figure  4. 

The  system  is  controlled  by  a  PDP-ll/10  mini-computer  through  a  lab°™^y 
n-ripheral  system  (LPS).  The  actual  measurement  is  performed  by  a  h  . 

or  vector  voltmeter.  A  phase  lock  reference  signal  is  established 
at  the  input  and  compared  with  the  test  signal  derived  from  a  receiving  trans 
ducer.  The  spatial  location  of  the  transmitting  transducer  is  dater”*"e  y 

a  X-Y  table  having  15"  travel  along  X  or  Y  in  increments  of  1  mil.  The 
table ' ^stepping  motors  are  driven  by  the  numerical  control  system  which 
accepts  standards  ASCII  codes  from  high  speed  paper  tape  reader  or  dir  y 
£TSe  SS.  The  interface  between  US  and  ICON-350  was  the  most  d  fficult 
part  of  the  setup  because  of  different  logic  levels  empioyedbythetwo 
systems.  In  addition,  a  language  interpreter  was  required  in  the  PDP  11 
software  in  order  to  allow  the  two  systems  to  converse  properly. 

Using  the  setup  as  shown,  the  system  has  demonstrated  over  80  dB  dynamic 
range  wS  less  thail  10  mw.  RF  into  the  transmitting  transducer.  Typi-1 
results  showing  magnitude  are  shown  in  figure  5  for  the  po  nt  rece  ver 
of  a  3/4"  dia  transducer  at  5  MHz. 

The  diffraction  pattern  data  has  not  yet  been  c^rel^eJoWl"hi8t^v™en 
ducer  aperture  field  pattern  although  the  computer  codes  to  do  this  have  bee 
written  and  demonstrated  on  the  IBM-370.  These  codes  must  now  be  transferred 
to  the  PDP-11  system  assuming  the  core  memory  is  large  enoug  , 
data  will  be  transferred  to  the  IBM-370  or  PDP-10. 
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PROJECT  I,  UNIT  I,  TASK  2 

OPTIMIZATION  AND  APPLICATION  OF  ELECTRODYNAMIC 
ACOUSTIC  WAVE  TRANSDUCERS 

B.  W.  Maxfteld 
Cornell  University 

Introduction  have  an  Insertion  loss 

Electromagnetic  acoustic  wave  trans  obtainable  in  resonant  plezo- 

that  ranges  from  20  to  60  db  larger  glgnal  level;  large  signal- 

electric  plate  transducers.  P  t  g  EMATS.  The  advantages  of  EMATS 

to-nolse  ratios  (S/N)  can  be  realized  using  ^  t0  generate  shear  waves 

Include  their  freedom  from  mechanics1  contact,  ab 1  J  S  lJm  Erection 

ZLl  to  the  surface,  ability  to  ““““^■^SSt'mo.t  successfully  the 
and,  If  dm.irmd.  explore  w.y.  to  reduce  the  In.ertioe 

desirable  features  of  EMATS,  one  s  1n._nrtant  one  must  determine,  by 

loss  (improve  efficiency)  but,  J[t  dJ  and  precise  origin  of  a  variety  of 

measurement  and  calculation,  the  g  performance  features  which  In 

non-ideal  EMAT  characteristics.  These  oractlce  must  be  present  If  the 

principle  could  be  eliminated  but  wh: Ich  1  P  Influence  of  fringing 

best  possible  S/N  is  to  be  ^^l^ese^ratton  distance  (lift-off 
fields,  effects  related  to  the  c  d*  al{  of  the8e  have  received  very 

fltaeSit?«tJonfriuCthenquantlta;ive  evaluation  of  EMATS. 

„„  app.-o.ch  to  this  problem  1. 

in  the  study  of  pl.toelecttlc  tr.n.ducln^l l^"«”from  the  generatot. 
response  (displacement)  produced  tg  however,  we  have  exploited  the 

Instead  of  using  ch.  co-on  u.t.r *  „,t„’  „hich  the 

non-contact  feature  of  EMATS  to  oes  g  generator  In  the  material 

displacement  field  (acoustic  mode  piezoelectric,  magnetostrictive, 

being  studied.  This  ™thod  can cement  generator  and,  by  plating  the  surface 
EMAT  or  any  other  form  nfdJ8P^em  ^  be  u8ed  t0  determlne  displacement 

of  an  insulator  with  a  Jietal  fll“»  .  materials.  Both  shear  and  compres- 

fleld  in  insulating  as  well  as  ^n^bggmeaspred .  Another  advantage  of  our 
sional  components  of  disp  aceme  ability  to  measure  directly  any 

method  that  is  immediately  apparent  is^he  ability^  ^  ^ 

diffraction  effects  due  to  the  f  *  f  metai_water  reflections.  Of 

matexlal  wltnout  the  added  structure  can  be  investigated  over 

course,  the  same  specimen  and  its  defect  structu 

a  wide  frequency  range. 

ip  is  essential  to  have  quantitative 

In  addition  to  reliable  measuremen^.**  the  basic  principles  behind  the 
calculations  with  which  to  comp  a  .  necessary  calculations  are  far 

operation  of  EMATS  are  well  established,  under8t%r.ding  of  EMATS, 

from  straightforward.  F^  'X“f^rrent  d?8tribution  in  a  conducting  sheet 
it  is  necessary  to  calculate  tb  coil.  Calculation  of  such  current 

placed  in  the  vicinity  of  the  gene  lt8  in  dosed  form  have  only  betn 

distributions  is  ®trai8bt*°™ar  8l*  le  i00p  of  radius  r  placed  such  that  the 
obtained  for  one  special  case,  a  single^  v  o 
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plane  of  the  loop  is  parallel  to  fust" 

it.  For  all  other  cases  of  coil  geo  ^  ™  Surpri8ingly .  relatively  little 

be  used  to  calculate  the  current  Jistribut  nt  of  adequate  numerical 

W°rkh  dns  mafwelfbe"* imf  consufngf " Also ,  present  indications  are  that  sub- 
stantial^omputing  time  will  often  be  necessary. 

Although  a  single  loop  of  wire single  ^^"catfcoulfbe 
geometry,  we  realized  that  the  3°*  If  a  practically  useful  coil  geometry, 
used  as  an  excellent  approxima t  P  When  lanar  spiral  coil  is 

namely  a  planar  spiral  coil  as  »ho“  Spacing  d  <  0.1  r.  where  r  is 

wound  with  small  pitch  (center-to-center^wi  ^  ^  ^  excellent  approxima¬ 
te  winding  radius),  ■  8*rieB  “  lb)  It  is  relatively  easy  to  sum  the 

tion  to  the  spiral  coil  (see  Flg-  .  totai  induced  current  density  for 

contributions  from  each  loop  to  the  ion  lattice  results  from 

ZStlSZZtSi  th.  ..V.  produced  In  this  — >• 

By  applying  existing  solutions  ractiof  effect,  it  should 

Dattern)  from  a  spiral  coil  to  better  Consequently  we  have  chosen 

planar  spiral  coils  one  would  norma  y  c  o  .  quantitative  study  of  EMATS. 
the  planar  spiral  coil  geometry  fot  «  measurement  of  the  acoustic 

“  "*fPr^r s^n^nhe  Station  of  — ed  calculations. 

The  next  section  describes  the  system  that  *  Section  Hi" contains 

measurements  as  well  as  t«« U.  J  a  typi< ^  calculations  and  a  comparison 
a  detailed  discussion  :v  pre8ents  a  brief  outline  of  the  next 

with  our  measurements  while  section  y 
phases  of  our  work. 

Exoerimental Observation  _  _ _ 

As  shown  in  Fig.  2.  we  have  employed  ^two-coil  -tWW-J  ^ 
acoustic  mode  patterns;  the  re^®i^®r  tor  coii.  The  receiver  is  «  small, 

placement  field  produced  by  a E ^f  ross  sectional  area  about  1  x  2  mm  and  a 
flat  rectangular  solenoid  coil  °E  c  f  30  turn8  of  42  SMG  wire  shielded  against 
surface  area  2  x  2  mm.  It  consist  spurious  electromagnetic  pickup 

radiation  from  the  spiral  transmit  il  fabricated  if  necessary).  Ac0^C 

(coils  of  smaller  size  (1  x  1  semiautomatic  scanning  device  shown 

mode  pattern  measurements  are  "““p^manually  while  the  vertical  is 

in  Fig.  ?;  the  horizontal  di*ect  receiier  coil  must  be  pressed  lightly 
a  mechanical  gear  driven  8ca"’  ™  ±  i8  very  8mall,  the  receiver  coil-surface 

SS2. <>Serwise  large  errors  can  result. 
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A  block  diagram  of  Che  electronics  is  shown  in  Fig.  3.  This  is  similar  to 
the  conventional  system  used  for  piezoelectric  transducer.  A  puxo^J  oscilla¬ 
tor  is  externally  triggered  to  provide  the  r.f.  current  to  the  generator  coil. 
If  necessary,  the  output  from  the  receiver  coil  can  be  blanked  off  by  a  FET 
switch  during  the  drive  pulse  but,  preferrably,  if  the  receiver  coil  is 
adequately  shielded  thi^  switch  may  be  omitted.  The  signal  is  then  amplified, 
mixed  with  a  local  oscillator  signal,  amplified  by  a  selective  amplifier, 
demodulated  and,  if  necessary,  averaged  with  a  box  car  integrator.  In  our 
present  axperiment,  a  position  measurement,  taken  from  a  tracking  potentio 
mate,  is  fed  to  a  chart  recorder.  The  other  j.xis  is  cepped  manually  and 
the  chart  recorder  zero  is  displaced  after  each  sweep  so  as  to  obtain  a  quasi- 
3  dimensional  representation  if  the  spatial  distribution  of  the  acoustic 
displacement.  Figure  4  shows  the  output  resulting  from  such  a  series  of 
measurements  using  a  19  mm  diameter,  38  SWG  wire  generator  coll  placed  0.25 
mm  above  the  surface  of  an  aluminum  block  4.9  mm  thick. 

Certain  general  characteristics  of  the  mode  patterns  can  be  deduced 
intuitively.  The  first  feature  is  the  two  main  lobes  with  a  narrow  transition 
region  where  the  displacement  goes  to  zero.  This  arises  because  the  flat  sole¬ 
noid  receiver  coil  is  sensitive  primarily  to  one  polarization.  Along  the  line 
of  minimum  response,  the  coil  windings  are  normal  to  the  displacement.  One 
lobe  is  180°  out  of  phase  with  the  other  since  the  excitation  currents  are  in 
opposite  directions  on  either  side  of  center;  this  of  course  is  not  evident 
in  the  detected  signals. 


Theoretical  Calculations 

Calculation  o.  the  acoustic  response  divides  into  two  separate  problems; 
determining  the  current  distribution  induced  in  the  skin  depth  region  of  the 
metal  surface,  and  then  calculating  the  acoustic  field  resulting  from  the 
Lorentz  force  on  these  currents.  Dodd  and  Deeds!  have  calculated  the  induced 
current  distribution  for  a  single  circular  loop  of  radius  r  placed  a  distance 
h  above  the  surface;  the  vector  potential  within  the  metal  is  given  by 


A  (r,z)  -  I  nr  I  (krQ)J1  (kr)e'kh  |  {  dk 

oJ  1 

where  I  is  the  current  through  the  loop, 

kx2  -  k2  +  i/62 

u 

j  «  v/-l,  6  «  (2/^oOqw)^  is  the  skindepth  and  Oq  is  the  conductivity. 


(1) 


(2) 


Details  of  the  derivation  of  Eq.  (1)  are  given  by  Dodd  and  Deeds  ;  it 
results  from  a  Fourier  Bessel  expansion  in  the  cylindrical  geometry  of  the 
coil  with  k  being  the  expansion  parameter.  The  induced  current  density  is 
obtained  from  the  use  of  )hm's  law  expressed  in  the  frequency  domain,  namely 
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J  -  -  ju®flA  (3) 

Since  the  current  is  basically  confined  to  the  skin  depth,  Eq  .(3)  may 
be  integrated  over  z  to  obtain  the  current  per  unit  width  of  the  surface, 

J  (r,  rQ)  — jl  coaQHQ  vq  j  Jj.  (krQ)J1(kr)e  kh  I^^Vk)  ldk  (4) 

For  this  calculation,  we  assume  5  <<>.,  where  X  is  the 

In  practice,  this  is  not  a  limitation  as  ail  measurements  are  done  in  this 
regime.  Equation  4  may  be  integrated  numerically  by  the  Gaussian  quadratur 
method  and  converges  well  for  reasonable  values  of  h  (approximate  y  •  0 

For  small  values  of  h,  however,  the  expansion  parameter  k  * 

rather  large  values  and  then  the  calculations  become  lengthy  and  expensive. 

Se  resat'of  this  integration  is  the  current  distribution  in  the  metal  surface 
which  results  from  a  current  I  through  a  single  loop  of  radius  r  .  Since  a 
spiral  coil  is  a  reasonable  approximation  to  a  scries  concentric  loops, 
the  spatial  distribution  of  the  induced  surface  current  J(r),  for  a  spiral 
coil,  can  be  obtained  by  integrating  J  <r,  tq>  over  the  appropriate  range 

r  which  is  from  the  inner  radius,  r  to  the  outer  radius  rb- 
o  “ 

The  second  part  of  the  problem  entails  the  calculation  of  the  acoustic 
field  given  the  current  distribution  in  the  skin  depth.  The  Lorentz  force 
resulting  from  the  interaction  between  the  static  magnetic  field  and  the 
surface  current  produces  a  radially  oscillating  surface  stress.  This  surface 
stress  has  presented  us  with  a  difficult  problem.  Within  the  bulk  metal  the 
normal  Navier  equation  applies  which  separates  naturally  ^  describe  longi 
tudinal  and  transverse  waves.  At  the  boundary,  however,  this  equation  does 
not  separate  and  the  solution  is  non-trividl.  In  the  static  case,  this 
problem  is  known  as  Cerruti's  problem  and  for  this  case  a  Green  , 
solution  is  known.  Howevet,  the  time  varying  problem  has  not  to  our  knowledge 
been  solved,  wr^e  currency  investigating  the  literature  for  more  information 
on  this  very  interesting  problem.  In  the  absence  of  a  formal  solution,  we  have 
proceeded  by  using  an  approximation  that  the  radiation  field  from  a  point  source 
of  shear  stress  is  dipole  in  nature.  This  form  is  suggested  by  a  comparison 
with  electromagnetism^  lu  fact,  the  acoustic  response  after  integration  over 
the  source  field  is  not  -.ery  sensitive  to  the  form  of  this  angular 
function  because  the  response  is  mainly  produced  by  the  forward  d^ted  .  • 
of  the  wave  front  which  varies  only  in  second  order  wit^nngle.  Detailed 
comparison  of  these  calculations  with  measurements  may  help  to  establish 
validity  of  the  approximation  which  we  have  used. 

If  we  consider  a  point  stress  on  the  surface  parallel  to  the  polar 
direction  of  a  spherical  coordinate  system  (r,  0,  <P  )  with  origin^  0, position 
at  the  ooint  stress  (Fig.  5),  then  the  acoustic  response  of  the  bulk  metal  at 
position  r  and  in  a  direction  parallel  to  the  polar  direction  is  proportional  to 
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V(r,rs)cc  - 


2 

J(ra)  8ln  *  exp  (jqr) 


(5) 


where  J  (r  )  is  the  8urf  riirr_  „  . 

center  of  ?he  coil,  q  -  £  TsthT  “"lty  at  a  d*«ance  r  from  the 
velocity.  The  magnetic  ft*ia  t*  acoustlc  wavevector  and  8v 
constant.  fleld  a^ength  is  included  in  the  propo^ion^y 

pattern  prodjje^  Vapi^^n  i  1  8e“lon*  we  measure  the  acoustic  mod 
'^°is^h^”^1^^*n°^^8  Receiver  ^oi^v^f^^^^^^^^^'^^-'^'parallel 


(R)  K  jj  J(rg)  sln2  0  ^  (J  q  r)  CQS  y  e-ar 

. _ l~+l  . 


.  -  ,  —  /  c  dA  tr  \ 

where  r  <•  1^1  dA  i  ^ 

ultrasonic  attenuation^oeff icienf  "p*  the  source  Plane  and  a  is  the 

^  r 

constant  of  proportionality.)  '  (The  constant  K  is  a  calcu] 

SS|S£SH2“S.r*“:s™ 

pL*d  “otk  ”«i  c8„n°rTl?  ,or th* 

fn  winding  may  he  ca»l l!'!'.'/'’”'''  thc  ““'face.  FurthrrLre  lion'  8'°“tt>' 
full  account  of  Hiff  ,  COrporat:ed-  The  Fresnel  non-uniformity 

sailissg§= 

Figure  7  shows  the  reimir»  e 

”M“1  f>r  t»o  rn°Lur^lat11„X?C4h."*t""d  «“  “'"1- 

“‘“Sf^’ioTwS  *“  features  of 

~:SSES:SiS. 
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In  thl. 

£.  recede  1»  «««  the  Cb»t  1  The  actual  pula* 

large  (8  «Hr>  ““^/“"orated  Into  the  Freenel  integral. 

length  of  1.2  Msec  whb  x  e  sinile- 

A  much  better  picture  of  the  co^l^e^^^f^hogon.l  scans 
sDiral  coil  is  obtained  by  measuring  reBponSe  at  each  point.  For  our 

and  then  determining  magnitude  reconst,  lction  to  determinethe 

ris^udM  ^V;0.re  i8 

calculations  are  ldent1^  ^‘receiver  coil  polarization  sensitivity, 
factor,  wl  ich  accounts  for  the  rece 

equal  to  vnity.  Fig.  9  where 

A  more  quantitative  comparison  with .^se^ns1  (vertical)  through  the 
the  experimental  and  theoretical  curos^  have  encoimtered  some  minor 

mode  patterns  in  Figs.  A  »  f  J  coil  8yBtem  for  the  coil 

p”kie™  u^di:  rr/ir^onr/rtgri- 

^‘accounted  for  if  .hi. rounding  would  "“Id^ 
closer  to  the  metal  su  ,  slightly  more  than  the  mean  these 

tr-urr"  — -  *“““ 

differences. 


anmu-JS»JB>«-a  Mll  co„truction 

T.  19  »  dldtar  -tn.-g.fS5i  etudlea  on  th.  Influanca  of 
smaller  changes  in  response, 
lift-off  are  underway. 

The  spiral  coll  1.  jf 

however .  our  teeh.Wue  «lU^“~.t,  „«tlon.  „f  coll,  can 

geometry  can  produce  a  great 
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A  completely  reconstructed  acoustic  mode  pattern  for  conditions 
specified  in  Fig.  U.  This  is  a  calculated  response  but  the 
measured  response  is  quite  similar  (see  Fig.  9). 


"MW  >1*" 
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waves  of  one  particular  ^ 

the  fringing  fields  have  not  been  patterns  of  many  transducers, 

the  efficiency  (transfer  *^“^^.,^aJ^igation  of  surface 
including  bonded  piezoelectri  planned  if  time  permits.  For 

waves  and  ferrogmagnetic  materials  is  1  no  substantlai  problem  to 

driving  coils  with  circular  symmetry,  thr  ^  symmetry  is  lost,  as 

calculating  the  theoretical  response ,  ho  itself  to  the  analysis 

in  the  rectangular  solenoid,  the  'S  iSlS  *  used.  We  are  at 

8“aoi„8  f"  "“'-c!,iin' 

drical  coils. 

In  order  to  improve  the  speed  and  CaS®  °[ oa- 
construct  a  digitally  controlled  scanning  d«^e  wiU  be  able  to 

line  computer.  Unlike  our  present  sy^-  recorder.  Mechanical  control 

scan  in  both  X  and  Y  directions  Just  ^J^trolllng  the  measurements 
will  be  via  stepping  motors  with  th  P  nfiW  apparatus  will  also  have  a 

and  storing  results  on  magnetic  d  •  iver  coil  and  metal  surface) . 

more  uniform  tracking  force  Attention  to  shielding  of 

It  is  anticipated  that  by  paying  mo  switch  can  be  eliminated 

both  th.  generator  and  ..c.lv.rcoll.,  the  m^ltch^^  ^  ^  lt 

and  therefore  lower  algnal  lev  buft  [f  and  to  work  farther  Into  the 

possible  to  do  measurements  for  larger 
fringing  field  region. 

.  in  riBS.  4  and  9  was  attributable 

Much  of  the  non-uniformity  evid  lift-off.  The  new  apparatus, 

to  our  inability  to  properly  control  and  more  uniform 

which  will  be  able  to  I take  ad^af  ufif ^  mode  patterns.  In  addition,  we 
scanning  force,  should  pro  lift-off  for  various  coil  systems 

will  be  able  to  determine  the  ^  uf “of f  must  be  compromised  with 

(large  signal  l-el  which  requires  small  lif^oi 'Increased  speed  in  taking 

sensitivity  to  smU  changes  in  . c  : \  digital  form  will  greatly 

HSS  SCi  -S3  cnlla8and  the  influence  n,  anrf.ca 

roughness. 
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PROJECT  I,  UNIT  I,  TASK  3 

SUPERCONDUCTING  MAGNETS  FOR  ELECTROMAGNETIC  TRANSDUCERS 
R.  B.  Thompson 

Science  Center,  Rockwell  International 

Introduction 

rr„^rSSlu" -£.£1  proportional  to  the  sju.re 

th.  .tntic  magnet lc  field  ntrength,  th.^utmt.tion^of  ,„lt. 

magnet  technology  to  produce  Targe  ,  .  transducer  unit.  The  investi- 

attractive  if  it  is  compatible  with  a  lightweight  transducer  unit 

gation  -a.  limited  to  a  t.o-we.h  f—  «  Celled 

simple  c®15U^51cSnsu1titiSnrWith  Commercial  vendors  to  determine  the  practical 

difficulties^ in  cZ£“ing  the  magnet.  Th.  re.nlt.  are  ,o-.rlr.d  below. 

Design  Calculation 

a  1,.  Hrerature1,2  is  avi  liable  on  designing  an 

Tr  was  found  that  considerable  iiteratuic  *  .  r  rKe 

optimized  superconducting  solenoid  to  necessarily^ptimized  for  electro¬ 
bore  center.  However,  such  a  so  eno  t  be  placed  against  the 

„g„.tic  generarion  In  JTSTJS  wS/eh  should  he 

metal  part  and  it  is  the  rieia  field  at  the  magnet  center, 

r„f S*£o  has*. ^differCTt' functional  dependence  upon  the  ge-trlc  p.r-ter. 
rf  tta  magnet.  Hence,  th.  new  design  calculation,  are  needed. 

The  field  at  the  end  of  a  obtained^  a°super conducting 

current  is  known.  The  ultimate  field  that  be  °btained  in  P 

magnet  is  limited  by  the  critical  current  at^hich  of  a 

from  the  superconducting  to  normal  stat  .  Fig  ^  ^  wound  ^th  8  mil 

numerical  calculation  of  the  field  at  the  en  d  that  the  wlre  shouid 

diameter,  niobium,  48X  titanium  wir  .  that  the  Decking  fraction 

"is  s  vfisr- 

value3  for  the  inner  windings  at  the  solenoid  center  1  >• 

Two  major  points  were  learned  fro.  the  graph.  First .be-t.re.ults  appear 
to  be  obtained  for  large  values  of  a2/b*  1*e*  ’  shape  the  field  at 

srs^ss.«-«^s  5rsrsrtar^  ts«  -  -  - 
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ence.  higher  external  «*  <- 

leld  is  reached  at  which  the  wire  1.  no  longer  superc^  ^  a 

he  field  falls  off  rapidly  with  axial  dJs“  •  1  x  5  cm  (including 

ealistic  distance  from  metal  part  to  expected 

cm  for  dewar  wall).  Fields  on. the  ori«r  of  20  ^e  can  th 

«•  “  “  ‘"“tS.' £Sl35  ™  “  5L25£i™  of  »  dh  for  a  pulee 
5TL£££nt  would  certainly  be  a  significant  Improvement. 

Commercial  Vendor  Response 

baaed  on  these  caloulatlona,  * inherited  “'fIs.  2.  These  "'re 

rt  STh'rtt  ^la^.r.  Ujgl  22U1«5,  with.  --letter 

asking:  (1)  whether  such  a  magnet  not.which  specifications 

(2)  if  so,  how  much  it  would  cost .and  (3)  if  not.wni  P^  fl#u  ln  a 

would  have  to  be  relaxed  a.n  or  er  °  t  d  by  juiy  i  8o  the  vendors 
hand-held  unit.  No  responses  were  receiv  y  w*r#  fa-ular  wlth  the 

were  contacted  by  telephone.  n  ea  *  However,  they  had  apparently 

request  and  clearly  had  been  thinking  without  knowing  more  about 

S-SS;,  ? jrSSLTjrS’S.'SSl  coiwnunlcaclon. 

Evaluation  •«-££■£££  ^JSSSl 

suns.rssTJ. 

that  40  kOe  could  be  attained.  A  pr  y  .  ln  a  hand-held  unit 

the  value  of  inner  field  ju  ge  to  e  .  shocks.  The  lower  the  inner 

subjected  to  various  vibrations  »d  “^anical  shocks.^  Th^  ^  ^ 

field,  the  less  likely  that  flue  u*  optimistic  evaluation, 

superconducting  state.  developmental  funds  might  be  needed  to 

££*  an  order  of  magnitude,  cbeapar. 

Conclusions 

The  variability  In  response  l^.bl^.ccurate^re^ l.ct.^.^t.t. 

of  change  in  this  emerging  techno  h  electromagnetic  transducer 

be  maintained  with  the  vendors  duri  g  ^  fee  con8truCted  and  evaluated 
task  of  this  project.  Tra““^"8  .  appitcation  studies  the  improved 

Up«f8o^Toss“8ineew8ith  does 

iot°s«:  rightht0C launch  ^"superconducting  magnet  construction  exactly 
now,  but  it  may  not  be  far  away. 
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table  1 


desired  specifications 
FOR 

SUPERCONDUCTING  MAGNET 


PURPOSE: 


hand-held  operation  for  electromagnetic 
(SEE  SKETCH) 


GENERATION  OF  ULTRASOUND 


MAXIMUM  DIMENSIONS: 

H  »  20  cm  (7.9  IN.) 
D  m  10  cm  (3.9  IN.) 


MAXIMUM  WEIGHT: 

M  -  3  kgm  (6.6  LBS.) 

FIELD  STRENGTH  0.5  cm  FROM  DEWAR  BOTTOM 
H  -  40  koe 


POWER  SUPPLY: 

AT  DISCRETION  OF  VENDOR 


CRYOGENIC  SYSTEM: 

AT  DISCRETION  OF  VENDOR 

PEEASE  SPECIFY  FIELD  UNIFORMITY  OVER  1.3  cm  DIAMETER  DISC  COAXIAL 
5  0-5  -  FROM  BOTTOM. 


l 


iSS& 


Sctence  C«nt«f 

Rockwell  Wefnaoonal 


cryogenic 

SYSTEM 


ultrasonic 


TO  CRYOGENIC 


MAGNET 

DEWAR 


VIEW  OF  MAGNET 


TO  ULTRASONIC 
^  UNIT 
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PROJECT  I,  UNIT  II,  TASK  1 
imaging  and  processing  of  angular  scattering 


G.  S.  Kino,  H.  J.  Shaw,  D.  Winslow,  W.  Leung, 
J.  Havlice,  T.  Waugh  and  J.  Fraser 
Stanford  Universit’ 


Summary 

The  application  of 

sssri^rs  ~  r,-«  * 

higher  speeds  than  with  a  “^b  d  Uslng  2.5  MHz  acoustic  waves, 

focused  B  scan  system  is  also  described,  us  g  ...  to  the  array,  at 

this  has  yielded  a  2mm  definition  both  normal  and  parallel  to  the  array, 

a  distance  of  15  cm. 

N*w  Techniques  For  Acoustic  Non-DestructiV;LTftstin& 

It  has  been  our  aim  during  the  last  year  to  apply  electronically  focused 

and  scanned  acoustic  imaging  systems  to  NOT  ^P^^n“;cu8ediLging  devices 
demonstrating  the  advantages  of  using  multiple  element  focuse, 11  g  g 

rather  than  .  single  unfocused  1^  This 

is  the  case  when  only  mechanical  scanning  is  used. 

Two  types  of  devices  have  been  applied  to  this  work!  ^“aiongV 

scan  transmission  device  with  83  receiver  Action) 

line  A  inches  long,  which  is  used  to  ocus  n  on  *  ^  fflovlng 

parallel  to  the  array.  Scanning  in  thy  ls  /or  B 

the  object  up  and  down  mechanically .  transmitters  and  an 

in te r leaved set^of* 30* transducers  as  receivers. 

:;°rnay!mai8:.:fin  th/x-Zplane/with  °good  definition  (2mm)  in  both  the  x  and 
z  directions. 

Both  of  those  Imaging  devices  employ  an  , -oustlc 
with  one  t.p  per  plemoelectric  transducer  to  ob»l«  „ 

phase  references  for  “  £roni  a’ corresponding  tap  on  the 

individual  transducer  Is  ^elds  an  output  which  is  the  product 

acoustic  surface  wave  delay  lin  .  y  from  the  delay  line;  the 

of  the  signal  from  the  transducer  end  the  XtX.tm «  a  clthode 

detected  output  ls  used  to  modulate  the  intern  y  pulse,  with 

ray  tube.  Each  transducer  can  ue  interrogated  in  turn  by  an  P 
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a  carrier  frequency  typically  of  50  MHz,  sent  along  the  SAW  delay  line. 

Thus,  one  line  of  the  image  is  scanned  in  a  tims  corresponding  to  the  time 
delay  from  one  end  to  the  other  of  the  delay  lino.  At  this  time  is  typically 
of  the  order  of  50  Msec,  the  line  times  correspord  to  typical  TV  line 
scan  time  . 

Because  the  outputs  from  the  mixers  contain  both  phases  and  amplitude 
information,  it  is  possible  to  synthesize  the  electronic  equivalent  of  a 
lens.  Put  another  way,  if  w:  consider  the  system  as  a  receiver,  a  point 
source,  in  the  paraxial  approximation  of  optics,  gives  rise  to  a  signal  with 
a  square  law  variation  of  phase  along  the  array.  If  a  signal  could  be  in¬ 
serted  in  the  delay  line  with  the  same  square  law  variation  in  phase,  one 
sideband  of  the  product  signal  would  have  the  square  law  variation  of 
phase  removed  and  the  signals  from  all  the  elements  could  be  added,  i.e., 
we  would  have  constructed  a  matched  filter,  matched  to  the  point  source. 

In  our  case,  this  is  done  by  sending  a  linear  FM  chirp  along  the  delay  line. 
Such  a  signal  has  a  square  law  variation  of  phase  with  time,  hence,  with 
distance  along  the  delay  line.  A  chirp  inserted  along  the  delay  line  is 
thus,  equivalent  to  a  moving  electronically  focussed  lens;  the  focal  length 
of  the  lens  is  adjusted  by  varying  the  chirp  rate,  and  the  lens  automatically 
scans  along  a  lir.e  as  the  chirp  signal  passes  along  the  delay  line. 

We  have  used  an  83  element  receiver  array  of  this  kind  to  image  debonded 
regions  in  a  boron  fiber  reinforced  epoxy  laminate  laid  down  on  a  titanium 
sheet,  a  material  used  in  the  B-l  aircraft  by  North  American  Rockwell  and 
supplied  to  us  by  them.  As  we  have  described  in  previous  progress  reports, 
we  illuminate  the  plate  with  a  strip  source,  mechanically  scan  the  plate  in 
one  direction,  and  electronically  scan  and  focus'  in  the  other,  thus  obtaining 
a  two-dimensional  transmission  image.  As  may  be  seen  from  the  photographs, 
we  obtain  good  information  on  the  position  of  flaws  (debonded  regions).  The 
present  system  used  in  the  aircraft  industry  is  mechanically  scanned  in  both 
directions;  ours  is  electronically  scanned  in  one  direction  and  mechanically 
scanned  in  the  other.  Thus,  we  can  carry  out  a  scan  of  this  9x3  sample 
in  approximately  a  second,  an  increase  in  scan  rate  of  the  order  of  80  over 
that  taken  with  purely  mechanical  scanning.  A  purely  mechanical  scan  o  a 
large  aircraft  part  could  take  several  hours;  an  increase  in  scan  rate  by 
a  factor  80-100  would  reduce  this  to  minutes. 

We  worked  first  with  a  thin  laminated  panel  1/8"  thick  and  took  trans¬ 
mission  pictures  of  this  panel  which  had  a  number  of  imperfections  in  the 
bonding,  as  illustrated  in  the  accompanying  schematic  supplied  to  us  by 
Caustin.  These  pictures  (Fig.  1)  were  obtained  by  using  the  83  element 
electronic  scanning  and  focusing  receiver  working  at  6.4  MHz.  At  this 
frequency,  the  attenuation  of  the  samples  is  large  and  the  sensitivity 
of  the  receiver,  which  was  designed  to  work  at  a  lower  frequency,  was  very 
poor.  Later  we  were  able  to  obtain  pictures  of  this  sample  at  lower  fre- 
quencies.  After  numerous  trials,  we  found  several  frequency  windows  for 
good  acoustic  wave  transmission  through  this  sample.  These  frequencies 
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are  6. A,  A. 2,  2.6,  and  1.15  MHz.  The  lowest  frequency  window  is  at  1.15  MHz, 
which  corresponds  to  the  fundamental  resonant  frequency  of  the  titanium  plate 
(calculated  as  1.13  MHz),  which  is  bonded  to  the  boron  fibers. 

Several  acoustic  transmission  pictures  of  the  complete  sample  were  taken, 
each  in  one  pass  of  the  mechanical  scan;  these  are  shown  in  Fig.  II.  The 
upper  picture  was  taken  at  A. 2  MHz,  the  lower  left  picture  was  taken  at 
2.6  MHz,  and  the  lower  right  was  taken  at  1.15  MHz. 


In  order  to  keep  the  resolution  approximately  the  same  in  each  picture, 
the  separation  between  the  sample  and  the  receiver  has  to  be  reduced  as  the 
frequency  decreases.  At  1.15  MHz,  this  separation  is  20  cm.  At  this 
distance  and  frequency,  the  resolution  is  about  5  mm,  which  is  two  to  three 
times  worse  than  the  resolution  in  the  other  pictures.  However,  the  imper¬ 
fections  show  up  very  clearly.  The  vertical  dark  band  in  the  picture  taken 
at  2.6  MHz  is  believed  to  be  due  to  nonuniform  excitation  of  the  transmitting 
transducer  and  coherent  interference  phenomena  due  to  using  a  single  frequency 
source,  but  it  is  normally  not  as  profound  as  in  this  case. 

One  way  to  eliminate  coherent  interference  from  different  parts  of  the 
source  is  by  using  partially  incoherent  excitation  of  the  source.  An 
experiment  was  carried  out  by  using  narrow  band  noise  as  the  excitation 
to  the  source.  By  limiting  the  bandwidth  of  the  noise,  the  coherence  time, 
can  be  controlled.  Figure  IV  shows  a  transmission  picture  of  the  same 
sample  with  noise  centered  at  2.6  MHz  and  a  bandwidth  of  500  KHz  as 
excitation  to  «  source.  This  corresponds  to  a  coherence  time  of  approxi¬ 
mately  2ps.  By  comparing  Fig.  Ill  with  Fig.  II,  it  can  be  seen  that  the 
dark  interference  band  has  disappeared.  However,  the  resolution  and  sensi¬ 
tivity  decrease,  because  the  signal  bandwidth  is  too  large  and  the  focusing 
ability  of  the  receiver  decreases.  Further  experimentation  is  underway.  We 
are  trying  imit  the  FM  noise  bandwidth  to  about  20  KHz  so  that  the 

acoustic  waves  radiated  within  one  line  scan  time  (5QMs)  is  essentially 
coherent,  but  it.  Incoherent  between  different  scans  which  are  separated  by 
approximately  50(ps. 


When  we  go  to  thicker  samples,  the  S/N  ratio  decreases  because  the 
scattering  and  absorption  increase.  Hence,  it  is  vital  to  increase  the 
output  power  of  the  transmitter.  To  further  increase  the  output  acoustic 
power,  a  large  (1"  x  A")  transducer  was  made  and  an  acoustic  lens  was  used 
to  focus  it  into  a  narrow  A"  long  line  source.  Different  lenses  were  tried 
and  it  was  found  that  a  compound  lens  made  of  polystyrene  and  RTV  602  had 
the  least  spherical  abberation.  However,  detailed  experiments  are  yet  to 
be  carried  out  with  this  system. 

With  higher  acoustic  output  power  from  the  source,  a  thicker  sample 
0.A"  thick  (sample  No.  907),  provided  by  the  Science  Center  of  North 
American  Rockwell  was  tiled.  The  dimensions  and  positions  of  these  defects 
are  shown  in  Fig.  IV  and  Fig.  V,  respectively.  Since  this  sample  is  much 
thicker  than  the  last  one,  the  vertical  resolution  is  worse  because  the 
separation  between  the  line  source  and  the  sample  is  larger  and  the  sample 
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Note  that  these 


f  the  thin  laminated  panel  taken  at  different  frequencies 
re  obtained  by  one  single  vertical  scan. 
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is  aow  in  the  far  field  zone  of  the  source  in  the  vertical  dimension.  Fig.  VI 
shows  the  actual  situation.  It  is  also  more  difficult  to  obtain  acoustic 
transmission  pictures  of  these  samples  in  a  single  sweep.  Composite  pictures 
made  of  two  and  three  pictures  corresponding  to  different  parts  of  the  sample 
were  made  and  are  shown  in  Fig.  VII  and  Fig.  VIII,  respectively.  These 
pictures  were  taken  at  2.7  MHz.  The  dark  areas  in  the  photos  bear  a  one-one 
correspondence  with  all  known  defects,  plus  a  few  indicated  defects  not 
supposed  to  be  present.  It  is  also  noticed  that  the  frequency  used  (2.7  MHz) 
is  very  close  to  the  6th  harmonic  of  the  fundamental  resonance  of  the  titanium 
plate. 

We  have  also  started  to  take  transmission  pictures  of  an  even  thicker 
sample  (1.25"  to  1.4"  thick),  with  defects  at  different  depths,  and  have 
obtained  images  of  some  of  the  holes  present.  As  the  work  progresses,  we 
intend  to  use  a  focused  transmitter,  and  examine  other  structures  with  t’  <s 
technique  such  as  alrctaft  honeycomb  structures. 

We  have  experimentally  demonstrated  a  new  type  of  imaging  system  which, 
we  believe,  should  be  by  far  the  most  useful  for  NDT  work.  This  is  like 
a  focused  sonar  system.  Here  the  array  is  used  both  as  a  focused  scanned 
transmitter  and  as  a  focused  scanned  receiver  to  scan  out  a  two  dimensional 
image  of  a  cross  section  in  the  x-z  plane  perpendicular  to  the  array,  with 
good  definition  (2mm)  in  both  azimuth  and  range  (x  and  z) .  Such  a  device 
should,  in  NDT  applications,  be  the  best  type  for  imaging  cracks  and  flaws 
in,  for  example,  thick  metal  samples,  ceramics,  and  graphite  nose  cone 
materials. 

The  device  operates  first  as  a  transmitter,  like  a  moving  lens  which 
produces  a  scanned  focused  acoustic  beam  that  scans  along  a  line  parallel 
to  the  array,  then  operates  as  a  receiver  which  scans  along  and  is  focused 
on  the  same  line.  If  the  time  delay  between  the  receiver  chirp  and  the 
transmitter  chirp  is  chosen  correctly,  a  signal  scattered  from  a  reflecting 
object  on  this  line  will  be  the  product  of  the  definitions  of  the  receiver 
and  transmitter  lenses,  and  hence,  about  one  half  of  either  used  alone.  At 
the  same  time,  because  of  the  requirement  of  correct  time  delay  between 
transmitter  and  receiver,  only  signals  from  reflecting  objects  on  this 
line  will  be  received,  the  range  definition  typically  being  approximately 
equal  to  the  transverse  definition.  The  whole  process  is  repeated  by  changing 
the  chirp  rates  (the  focal  lengths  of  the  lenses)  to  focus  on  the  next  line, 
and  the  time  delay  between  receiver  and  transmitter  chirps  to  correspond  to 
the  correct  change.  Thus,  we  scan  out  a  raster  in  the  x-z  plane  line  by 
line  and  produce  a  TV  image  of  this  raster. 

A  photograph  of  an  aluminum  part  in  which  a  series  of  steps  is  milled 
is  shown  in  Fig.  IX.  The  corresponding  acoustic  reflection  image  taken  in 
a  water  tank  at  a  distance  of  approximately  15  cm  with  a  2.5  MHz  wave  is 
also  shown.  It  will  be  seen  that  the  step  faces  8m  apart  and  5mm  long, 
facing  the  array,  are  well  reproduced  and  their  lengths  are  very  well  defined. 
This  system  has  only  teen  operating  for  a  short  while,  but  we  have  ascertained 
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FIG.  IX _ Optical  photo  of  an  aluminum  part  and  an  acoustic 

reflection  image  of  the  same  part  taken  at  2.5MHz  In 
real-time  at  50  frame/sec.  The  present  field  is  ap¬ 
proximately  U  cm  parallel  to  the  array  and  20  cm  normal 
to  the  array. 
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that  the  definition  in  both  ti 
the  transducer  array  a-e  apprc 
half  that  of  the  receiver  or 
direction  normal  to  the  array 
in  the  direction  parallel  to 
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PROJECT  I,  UNIT  11 »  TASK  2 

analog  data  processing 


r  M  White  and  G.  L.  Kerber 

University  of  California-Berkeley 


err 

ssrs^s  *-s  ~  -f 

using  surface  acoustic  waves,  was  tie  ^  placed  on  realizing  and 

ZT«  enphasls  during  thl.  r.porr  for  the  purpose 

teitlng  an  In.er.e  filter  of  the  »DE  “‘traaonlc 

rering  the  ”  toto-pUt.  thL  work  rSition  i 

2T.0  gl»i  emphasis  in  that  ^  “  ^‘^fated  te.tlng  has  already  begun 
some  preliminary  computer  experiments 
on  that  topic. 


Inverse_jJiJLterir>g_and_jroE 

In  the  conventional  NDE  8"tup’ ^^^“tri^shocrexc'i ted? producing 
test  object  directly  or  through  •  «“*  **2“  reflect  or  transmit  from 

ultrasonic  waves  which  pass  into  ^  transducer,  and  finally  Produc*  . 
flaws  to  either  the  same  or  a  dif ferent  tran  or  ..hart  recorder. 

electrical  signals  wMch  are  displ-ye  .  flnite  bandwidth  of  operation, 

To  the  extent  that  the  NDE  trans  u  distorted;  for  example,  a  of 

In  the  time  domain. 

.  r»llv  as  shown  by  Seydel  and 

This  flaw  waveform  can  be  d„ced  by’the  NDE  transducers.  As 

Frederick (1)^0  remove  the  distortion^nt  influence8  0f  the  transducer 

,  „  fir  1.  one  wishes  to  remove  flaw  (represented  by 

rSu”  rr^iiFS'Siss:  sssrass: 

One' the?  cons  true  ts^  the?  ilterhavingthat^nverseimpulse  «^*CJ1“er 

“ii  future  signals  obtained  from  tiaws  w"*1  digital  computer; 

l“"‘  S«yd.l-Frcdcrlck  «r7hl.<flU«inEi“**i  ^  .cco.pU.h  the  .««  renult. 

we  have  made  surface  a  — Non-Destructive 

TtOTydur^  uf  Michigan, An  Azboz.  »■ 
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impulse  response 


FREQUENCY  RESPONSE 


P  (0 


HO) 


MU) 


6(0 


MU) 


H  0* 


,  Qt ock  dl egram  of  NOE  system  show  1  *9  JJJJ 1  "/J? scont i  nu i  +V 

“S'--  rr./r,r.;;=rv.  ..  - 

rf).  Figure  from  Seyoe  where 

„,ki  th.  inverse  s.,(t)  lwwWlc,mt™»t« 

.Ht.clng  *°  **  * ’™.Cr,4ri’.k"*~t«  convolot.oo.  ..... 


guo+ions  too  — 

.»)•»(.)  -  /•<♦'» <*  - v,<1*' 
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V  *  Arran cement  appears  in  Fig.  2,  where  a  test 

A  pictorial  sketch  of  the  ,a"ra  with  differing  acoustic 

oblect  is  shown  as  a  layered  solid  having  F  of  mass  density  with 

impedances  (specific  ^ous t icimpedance  ^  ^  ^  tran8duCer  passes  through 
wave  velocity).  When  the  return  ■«“  the  distortion  introduced  by  the 

SSSM3 1 

SS  SS.  “  *  — Ity  °f  “°“tic 

impedance . 
niter  Design 

'  -  _  _  Af  pd  NDE  arrangement  in 

in  order  to  test  the  idea  we  set-up  (Vernitron.  5  MHz  PZT 

which  a  commercial  piezoelecrtr  c  ,  /aa*0i)  to  a  metal  (aluminum  alloy) 

ass  -  rlSrH  r- 

form  corresponding  to  ^^^^^pho^aplltr^olaroid  105 

flat  end  of  the  test  object  was  cne  p  ^  tran8duCer.  The  photograp 

negative  film)  and  used  to  cha”‘\  IBM  igOO  computer,  oriKin^ly 

in  a  digital  scanner  system  en,Plof^F“rier_transform  (FET)  Progra“ 

tar "“Siri  -iss  - 

inverse  filter.  This  impulse  «8p 

rir . 

flon^o"  d™l"'IStl.ln?»ctlo»  t.p.r. 

bsrrrr ^  2  -  - — ",poMe 

inverse  filter.  , 

The  SAW  filter  transducers  in^u^test  devices  built 

weighted  impulse  response  .  Wideband,  two  finger  inter- 

To  date  the  input  SAW  transducer  has  been  ^ lse  response  of  the 

InveSe  ^“uter  ^3 

reduce  insertion  loss.  ™e  ou  y 
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placement  o£ 

*■ tbc  °“t,mt  t”,”d““r' 


-.4 

4 


- ^sults  remaining  figure. 

SS&rs 

resulting  from  use  of  the  SAW  the  block 

It  should  be  remarked  that  some  testing  only; 

diagram  and  the  ?5 ansducer,  lower  be 

noted  that  a  solid  s  filter  input;  and  an  filter  output. 

-  - 

.tm.  ^SSSS^^tsSSr 

Also,  in  an  experimen  5MHz)  was  used  with  this  ND  -baerved,  but  to 

transducer  (also  re8°"*f  ^  thf  spatial  resolution  was  also  obse  .  the8e 

- f"  p“b‘ 

lication  now  in  preparation. 

Summary  b*a  been  carried 

_  j  sm-SS SS&w" 

filter  yields  improved  spatial 
time  processing. 
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PROJECT  I,  UNIT  II,  TASK  3 

DIGITAL  TECHNIQUES  FOR  ULTRASONIC 
FLAW  CHARACTERIZATION 

B.  G.  W.  Yee,  J.  C.  Couchman  and  J.  R.  Bell 
General  Dynamics 


l 


Jblectlve 

The  objective  of  this  task^ Is or ^eneral^namlcs^Fort^.W^t^a^^ 

Division  to  support  RISC  in  the  - i  digital  computers  to 

sss-jss  “V.n5i.y  m;** 

of  tasks  which  will  be  performed  over  a  three  year  prog 

year's  tasks  were: 

1.  prepare  analytical  software  and  hardware  for  data  collection 
and  signal  processing. 

2.  collect  and  catalog  time  and  frequency  domain  signatures  of 
spheroids  and  flat  bottom  holes, 

3.  identify  measurable  quantities  for  characterizing  internal 
defects,  and 


4. 


look  for  empirical  correlations  and  agreement  with  theory. 


-  .cop.  or  error.  ,..  r.o  *tS!  pro. 

ZlTcl  «or  .pti-  ...ruin...  « 

•ross-correlations  with  other  support  task  data. 


3ata  Collection 

^ r  “ 

and  back  surface  echo.  Gated  sl®na  .  .  .  d  8tored  in  the  computer 

selected  reference  standard  can  bed  g itij*  J* ^Slltion.  RF  wave- 

rs^c=e5»‘=££  S2-y- — 

or  otherwise  analytically  studied. 

A  flow  chart  diagram  that  describes  the  equipment .data collect ion , 
and  display  capabilities  used  in  Task  1 . 11^  ■  ■  °J“  505f  FR  pulser 

ujsra  r.snsr-ssp.1:  - 
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The 

Showing 

HP-2100 


.  processing  System  'T 
manner  Signa  (Tco-^ight)  and  the 
inner  Mechanism  W-. 

(Bottom) 


Transducer  |pDP  ll/45 

1  POSITIONING 
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_  .  the  waveform  is  displayed 

on  a  Tektronix  oscilloscope.  After  ®pn8782A  display  scanner  plug  in. 
on  a  HP  oscilloscope  that  J-^^^J^nner'i.  canted  by  either  the 
The  X  coordinate  position  for  the  di  p  y  computer  and  stepped  by  an 

HP2100  (256  steps)  or  the  PDP  ^  [n\he  computer.  The  signal  amplitude 
analc g-to-digital  converter  "  ofPthe  scanner  and  converted  to 

at  each  position  is  ±  20A8  values  POP  11/45)  by  an 

digital  form  (+  256  discrete  Qfored  in  the  computer.  The  PDF 

analog- to-digital  converter  ^“n  specimen  and  store  pulse  echo  data 

11/45  computer  can  automatically  sea  p  compuCers  can  be  programmed 

on  disk  packs  for  retrieval  an ‘^l^a  and  output  results  in  a 

ro~icirro‘rosSioscoP.  ^  °ut- 

put. 

Candidate  transducers  having [  ^se^Te  JZSStt^TJsiSaS/O^) 

a-JSStSi  4  to  30  MHz. 

The  water  path  length  that  was  used  in 

effect  on  the  source  power  sp®c“*  0-14  MHz  minimizes  this 

Limiting  measurements  to  the  frequency  range 

error  factor . 

Surface  roughness  was  another  “““^^^"itude  of  the  effect.  It 

surface  r.ugh««.s  -a  u^  'o  d.t.ml  5s  le!,  th.„  .5  Mil  (MS) 
lUtrne«ec't  on  !he5Ut  —  **  "*• 


)ata  Processing 

41  kio  feneral  Dynamics  for  (a)  plotting  RF 
Computer  software  is  available^  Gene  : L  spectra,  (c)  for 

wavefora...  <h>  counting  ^“‘^"aw./ted  aignals.  <•>  *•' 

source  normalization,  (  )  j8jntervals  All  of  these  signal  processing 

-^r^U^^-^ther  in  this  section,  are  Important 

^r  information  retrieval  from  reflected  ultrasound, 
a.  Fourier  Transform 

t-he  sauare  of  the  absolute  value  of  the 

The  Fourier-power-spectra  is  h  q  ented  by 

complex  Fourier  transform  of  f(t) 


P(u)  -  Jf(c^|  2 

a 

.here  FM  ‘  7^7  f 


fMe'1”'  Jt 


(1) 

(2) 
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*». 

A 


t  1(t)  „  nttei  by  - 

The  function  f (t)  £or  integration  In  c 


b.  6?  dividing  lt  by 

*  p0Mer  SeCU‘=f’lw”  •«»«=«  nom»H«tl“  ‘Eltl'g  „0„,Uled  Fdutl« 
the  source.  The  Den  ln  Figure  6.  The  r 

flaw  depth  measurenen  {rom  4  to  22  MHz. 

power  spectra  is  very 

c  Gated  Gain  ^  flaw 

*  „pW,  .ig»*i  ^■rji's.ss 

reflection,  and  a  faint  ac  dlfflcult  to  qu«nt  “  surface  echo  produces 

Fourier  transform  is  the  gain  o  ^  thickness 

r^r  rr-s--”-’1-'1  “d  Foul1" 

d.  0ut£Ut_Dis£i5i  RISC  support  task. 

*si£3E2ES&&*  ssu” 

a  convenient  format  for 
computes  and  plots 

77 ' '  (ttt) 

R  u  t„.  du.»«  »«•“" the  tr,n*d“'r  “d  tl“  =T 

"he":  .  th  „f  *»  trotting  ~dl*. 

x  u  the  v.velength  -  ftm  a. 

P  ts  th.  —u«*  p°“«  t““8for’ 

acatterer, 

b  le  the  radius  of  the  scatter.'! 

,  1.  th.  redlu.  of  «>•  t”"8d“cet- 

teSEiaEi;!t^S^  .  .,.tl~oe  .to  — ■ *“  M  "lttMO”lC 

Several  fl» f£Su.' It'  U  hoeelble  to 

spectroscopy- 

..  _ a  a  soecimen, 


a) 


the  velocity  of  .oval  1«  • 

64 


CATte  •AIH-OAT1  OUT 


Figure  7  Computer  Signal  Processing  Allows  the  Operator 

qinnals  and  to  Amplify  Other  Signals 
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(2)  the  depth  of  .  fl»  1"  *  “4  ^ 

(3)  the  diameter  of  e  .Imply  »».ped  Inc lualoo 

a.  Velocity  Measurements 

Four  one-inch  long  blank  slmpl^o^ llO^  aluminum, 

velocity  measurements.  THW  and  Ti-6Al-4V  titanium  alloy^ 

2024  aluminum,  commercial  pu  y  one-inch  (within  one  percent). 

Specimen  thicknesses  were  measured  g  and  9  for  aluminum  and  titanium 

velocity  measurements  areJ‘^1^1^  of  sound  can  be  computed  from  the 

— —  **»■ fro- the 
V  -  2t  AF 


where 


the  specimen  thickness  and 


A  F  is  the  frequency  spacing. 

wlneitv  of  sound  but 

The  travel  time  can  also  be  used^to  ^asure  the^  ^  8lgnal. 

18  subject  to  errors  *»«•*£*  hj  f  tabulated  in  Table  1. 

The  velocities  measured  in  this  stuoy 


to  provide  baTra-ace  echo^ 

needed  for  dimension  measurements. 
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Table  1  Velocities  of  Sound  in  RISC 
Specimens  (cm/ sec) 


Travel  Time 

Measurements  — 

Interference 

Spectroscopy 

Measurements 

Specimen _ _ 

A  (1100  Al) 

6.4xi05 

6.34xl05 

C  (2024  Al) 

6.3xl05 

6.2xl05 

F  (Ti) 

5.9xl05 

5 . 9x11. 

I  (64  Ti) 

5.9xl05 

5.83xl05 

b.  Flaw  Depths 


n-  -  b.  .  "TiL'K" 

(refer  back  to  Figure  6)  but  in  orde  u8ing  the  veiocities  given 

js?« 

-jr.  referred  re  f»  — 

111.2(d). 


[•] 
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Table  2  Co-Axial  Flaw  Depths  in 
RISC  Specimens 


1  Specimens 

B(l-8-A/21) 
D(l-8-24/19) 
£(1-8-24/24) 
G(l-8-64/15) 
i»(l-l'i  44/9) 
I JC1-8-T/17) 
M(l-4-64/32) 


Depth 


Spheroid 

specimens 


N(B-2- 

0(B-2- 

P(B-2- 

Q(B-3- 

R(B-3- 

S(B-4 

I(B-4 


4-64/35) 

8-64/36) 

■12-64/37) 

-2-64/38) 

-4-64/39) 

-4-64/40) 

-8-64/41) 


Depth 

1.09" 

1.09" 

1.08" 

1.09" 

1.09" 

1.09" 

1.09" 


!  I 

I  I 


h  risc  .««  i"  2-2“”  [°r  thev  Z  ™ 

Depths  reported  y  jm  inconsistency  chase 

void  specimens  respect  ve  y^  introduced  by  *  the  spheroid 

simply  be  a  consisenter  ^  percent  low  J^mpression 

changes  in  the  reflected  echo^  Per  haps  some  metal 

« fabrlc*tl°°' 

C.  Flaw  Dimensions 

t  *ir4  ri:  =£”’ 


It  I 

I 


. . :  •  J 
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Empirical  Observations 

^bTSTu^srs:  ;t!  12,  ^  i3 ™ds 

are  noc  readily  apparent,  significantly  reprodncible  differences  can  b 
observed.  The  RF  waveforms  for  the  spherical  voids  have  the  ®°st  strnct 
(Figures  10  and  11),  the  RF  waveforms  from  the  cylindrical  voids  t 
ring  more,  and  the  RF  waveforms  from  the  FBH’s  are  more  80Ur“5‘}^ef^ 
appearance  with  the  signal-to-noise  ratio  tending  to  increase  with 

bottom-hole  diameter . 

These  ultrasonic  echo  signatures  contain  information  about  the 

c  u  Jr  v-ill  however,  require  the  computation  of  correlati 

of  the  scatterer •  Xt  wixx»  *  ,  c  _affp *—  recognition 

r..“r5"b^o.“.i„  ...  — 

in  the  test  specimens. 

Perhaps  the  best  starting  point  for  next  year’s  work  will  be  with 
specimens  H,  Q,  ».  ».  end  S  (see  Appendix  *-l)  »hlch  ^lne 

th.  .am.  croe.-sectlonel  sees  when  vl«Jd  ‘  ^.'’“^''cl.sslflc.llnr.s 

Zl‘Ts  spheroldal^spheroidal-oblatn,  and  11.1  ml,bl 

be  reasonable  as  a  starting  point. 

The  ultrasonic  signatures  of  specimens  M,  Q,  R,  N,  and  S  ar*  f 

in  Figures  14  and  15.  The  latter  figure  contains  power  8P*ct™  teraS  °f 

dimensionless  parameters.*  As  before  the  amount  of  noiseJ-”  spectral 

signatures  increases  with  the  curvature  of  the  surface.  The  power  spectral 
waveforms  certainly  differ.  The  prospect  for  classification  as  prolat  , 
spherical,  oblate,  and  flat  look  promising. 


♦Notice  that  the  dimensionless  parameter  plots  go ntain broken veri tica 
lines  -  these  identify  the  beginning  and  end  of  the  region  where  sour 
energy  was  highest-data  before  the  first  line  and  after  the  last  line  may 

contain  noise.  7 2 
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Figure  1°  Co-Axial  Pulse  Echoes  and  Power  Spectra 
from  Spherical  Voids 
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Transducer  Diarreter  2a 
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Comparison  with  Theory 

,  k,,.  n»rh  is  inherent  in  the  FBH  data  shown  in  Figure  16. 

An  unknown  water  path  is  in  selected  for  broad  band  response. 

The  water  path  is  less  than  one  d  however,  were  collected 

The  dimensionless  parameter  data  (Figs.  II  an  '  ’  specimen  in 

with  the  transducer  in  contact  with  the  flat  surf ace  o£  tr  p  ^ 

order  to  better  approbate  th'  '^“"Irf  .^d  ihe  pr^eoce  of  'tMs 

a: »» — — »—■  - 

frequency  and  that  measurements  be  made  under  water  ns 

simulate  disk  scatterers. 

Another  serious  source  of  experimental  /^e ceived^re^ensitive 

ing  small  angle  deviations  from  normalcy.  Thesignals  acCount 

^f°«iier  transducer. 

Conclusions 

i-  s-r.=  sstsr  ~ 

resolutions. 

"  Meet 

becomes  most  dominate  at  shallow  flaw  depths. 

3.  Flaw  depths  can  be  measured  by  ultrasonic  spectroscopy  with  an  accuracy 
that  is  independent  of  flaw  depth. 

4.  Source-spectra  shift  appreciably  »lth  distance;  tU.  factor  will  have 
to  b*  accounted  for  as  spectroscopy  procedures  improve. 

5  Surface  roughness  does  not  become  much  of  a  problem  until  the  rms 
su£ce  roughness  appro.cha.  the  wavelength  the  ultrasound  pulae. 

6.  Single  bro.d-b.nd  sources  of  pulsed  ultrasound  are  available  that 
span  a  frequency  range  of  from  3  to  20  MHz. 

7.  The  prospect  of  classifying  flaw.  """coition 

'haoe  factors  (prolate,  spheroidal,  oblate,  or  tiatj,  *na  ^ * 

(void  or  inclusion  having  a  measurable  acoustic  ^edance) 
promising  bu‘.  will  require  pattern  recognition  techniques. 
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s.  The  use  of  simple  ^djjjej<>c2rftlt elimination  of  the 

■e«e«.r“Uiu  TxpsJiL.t.l  p.t»«ter.  th.t  ete  not  accounted 

for  in  che  theory. 

,  »  very  extensive  catalog  of  hl.r~-.lc  h‘«"JnSeS 

Jot  J  hole,  hove  been  prepared  fr»  . ™ef„.  more  complex 
Stood  in  terms  of  reP™d“c*  ^  program.  Metal  inclusions  having 
flaw  structures  are  added  “  aCousfic  impedances  that  are  different 
identical  geometries  but  hav  ng 
than  the  host  material  are  recommended. 

i  t.*.*. understood  flf tfir  void 

10.  Data  presented  in  ^/^“Lr  surfafe  Sf: "re  and  shape, 
specimens  are  opened  and  tested 
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appendix  A-l 
test  specimens 


Eighteen  te.t  specimen.  were  provided  by  RISC  forces,  ^by^contractorc  ^ 
for  experimental  testing.  Sp*‘j  ’“cavities  coaxially  located  at  about  1  Inch 

rhr“onf“;f“e.,Pi:‘n0^lng  and  reporting  on  derived  date  .elating 
to  test  specimens  is  presented  in  this  appendix. 


I 


I 


| 
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PROJECT  I,  UNIT  IH»  TASK  1 

MODELS  FOR  THE  FREQUENCY  DEPENDENCE 
OF  ULTRASONIC  SCATTERING  FROM  REAL  FLAWS 

L.  Adler 

University  of  Tennessee 


Introduction 

The  overall  objective  of  this  invest*  >atlon  is  to  «tudy  models  for  fre¬ 
quency  and  angular  'dependence  ^^-“r^hic^rs^erra  ^lar  reo^-f 
have  Introduced  a  new  theoretical  m  e  w  d  f()r  two-dimensional  flaws 

geometrical  theory  of  diffraction.  "flat  bottomed  hole."  An  expres- 

of  any  shape.  The  model  was  adapted  for  the for  non-normal 

slon  for  the  amplitudes  of  the  frequlncy  and  amplitude  of  the 

incidence.  This  expression  relat  'J  .  f  twe  hole.  This  expression 

scattered  sound  bee.  to  the  sire  and  orl „d  used 
1.  experimentally  verified  An  npproxlMte  ~del  »*•  exp„lment. 

zzztzsz  — 

and  to  study  mode  conversion. 


Diffraction  Theory 

in  order  to  correlate  the  parameter,  of  the >  =  »•«. £‘hsll“  “PU' 

tod.  and  frequency  distribution,  to  the  parameter,  of  the  flaw  .  V 

and  angular  orientation,  ve  used  diffraction  th  Jh  “  electromagnetic 

geometrical  theory  of  diffraction--  has  several 

iSei^rsr^i^y -  e,peclally 

for  the  study  of  off-axis  scattered  energy  distribution. 

In  the  geometrical  theory  of  diffraction  the  co^ept  of  the 

Is  Introduced.  A  diffracted  ray  Is  pro  “ce  h  h  edge,  thus  doubly 

an  edge.  The  diffracted  ray  may  interact  again  with  ^.dge,^  &  ^ 

and  multiply  diffracted  rays  n«y  e  ^erefore*  the  total  diffracted  field 
(amplitude  and  phase)  at  any  Thereto  ,  point.  The 

•.LSl^iS-”  diffracted  fie^n  arbitrarily  shaped  aperture 

Is  given  by  equation  (1) . 

^llk  (<H-  s)]+  if 

U(p)  »  -  - - n 

1  2(2  ti  k)  2sln6 


s(cos6  -a  B  sinB) , 

[sec  h  (8-a)  +  esc  >5  (6  +  a)l  x  [s  (1  +  ^ 


(1) 
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The  +  or  -  signa  is  used  whether  U  -  —  flu  ±s  the  phase  of  the 

the  amplitude  distribution  of  the  incident  *  he  edge  of  the  aper- 

incident  pnl.e,  .  Is  di.t.nce^fron  the  origin  “the^edg^  _  #  ^  ^ 

°fl’v*"rt  irLe  S‘cnri:™r.rthf 4tr“rre7.SVh' 

sr=*~B  s£r-±  o„e 

cwo-dimenaional^laws^^The  parameters  characterizing  a  particular 

geometry  are  P ,  fi  and  a.  This  theory  is  a  scalar  theory. 


0  or 


9u 

3u~ 


■  0  at  the  surface.  A(k)  is 


A 


Flat  Bottomed  Holes 

tx  -arrs-TS  ss-  — 

of  the  diffraction  of  sound  by  circular  flaws. 

,  SeSiSK-Ha ifl. 

S :-S  afair  rrjar  -  - 


.  < 

exp(lk(i|ig  +  r))  a 

exp(i(-k»«in4  +  «/*)) 

-1  ,  1 

aino  +  0  coBfr  -  1 

u  “  -Aik; - j  8*k 

r 

% 

-  as  in*  £a  _  r  -  ssin^  (_gine  _  sin$)jj 


-1/2^ 


(2) 


exp(i(ka(sin*  +  2sin6)  +  */A)) 


■  im 


A  ,  *  — I  . 

|  +  8  «*»  A  -  >1 

T"  .  *  ' 


l 

^  * 

« 

\ 

-I/2\ 

r  +  asin$ 

a  _  r  +  asinj  (_sin6  +  sin*) 

c 

r  r  J 
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Here  fi^  -  P2  -  j 


-sinfl 


~  »  +  e 


ri 


r  -  a  sinfl 


r  +  slnfl  6  ^  ~  »-  0 


Equation  (2)  reduces  to  a  much  simpler  form  for  normal  incidence. 

um  _  _  V  * Qt)  |  1  1  -  co8fl  c°9  (Z^asln6  }  *5 

^  '  1  2*rsin0  kasinO 


(3) 


\ 


I 


Equation  (2)  is  programmed  for  Fortran  and  calculated  with  the  parameters 
used  in  the  experiment. 

Approximate  Model  (Interference  Model) 

We  have  also  used  an  approximate  theory  to  correlate  the  frequency 
distribution  of  the  scattered  wave  to  the  size  and  orientation  of  the 
"flaw."  This  model3  is  a  simplified  version  of  the  geometrical  theory  of 
diffraction,  if  one  assumes  that  the  two  extreme  edges  of  the  reflector  or 
flaw  will  send  out  secondary  wavelets  or  rays.  There  are  no  field  values 
associated  with  these  rays  but  it  is  assumed  that  at  any  point  they  will 
form  interference  maxima  or  minima  whether  they  are  in  or  out  of  phase. 

The  position  of  the  maximum  amplitude  at  a  given  frequency  is  then  related 
to  the  path  difference  of  the  two  rays  and  in  turn  to  a  given  diameter 
and  orientation  of  the  flaw.  Figure  3  shows  a  schematic  diagram  of  the 
interference  model.  The  spacing  between  consecutive  frequency  maxima  is 
denoted  by  Af.  The  interference  model  gives  a  simple  relation  between  d, 
the  dimension  of  the  flaw,  and  Af  as 


Af(sin0  +  sin  (0-K») 


<*) 


where  v  is  the  sound  velocity. 


EXPERIMENT 


Both  electronic  and  mechanical  systems  for  scattering  experiments  have 
been  redesigned.  The  schematic  diagram  for  our  new  electronic  system  is 
shown  on  Figure  4.  A  ceramic  transducer  is  shock  excited  with  a  commercial 
Immerscope,  thus  producing  a  broadband  pulse  (see  Figure  5  for  the  spectrum 
of  the  transmitter).  This  broadband  pulse  hits  the  target,  the  scattered 
sound  received  by  a  receiver  transducer  which  is  identical  to  the  trans¬ 
mitter.  The  signal  is  amplified,  gated  out  and  displayed  on  the  spectrum 
analyzer.  The  new  feature  of  the  apparatus  is  the  stepless  gate  which  allows 
us  to  obtain  a  more  stable  signal  to  be  frequency  analyzed.  The  displays 
on  the  two  oscilloscopes  (before  and  after  the  stepless  gate)  assures  one 
that  the  gate  will  not  distort  the  signal.  The  mechanical  system  which 
consists  of  the  transducers  clamped  into  the  goniometer  system  and  the  turn¬ 
table  with  the  two  different  samples  used  is  shown  on  Figure  6.  Throughout 
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ig.  5  Amplitude  distribution  of  the  incident  wave  vs.  frequency. 
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the  experiment  the  relative 
vere  read  off  directly  from 


amplitudes  were  measured.  The  amplitude  values 
.-he  rlisDlav  of  the  spectrum  analyzer. 


COMPARISON  OF  THEORY  AND  EXPERIMENT 


Brass  Circular  Rods 


e»as  o,  c.«~. 

flat  bottomed  holes.  The  diameter  gh  1  to  5  MHz.  Both  incident  and 

and  .25  (~  .6  cm).  The  Fi^re  7  shows  good  agreement  between 

scattered  angles  were  vari  P  3  mHz  for  the  scattered  energy 

experiment  and  theory  for  a  1/8  inch  d^s  agreement  ia  alsD  excellent  for  the 
as  che  function  of  scattered  ~  5hen  the  scattered  angl-  is  15 

^urrSr^^a^^eten  xperimeni  an,  theory  is  also  very  good 
for  a  .245  circular  reflector,  as  shown  on  Figure 


Fl«r  Bottomed  Holes  in  AlunMnum_Sam£les 


f  camnles  were  used  to  study  scattering  from  flat 
Two  different  types  of  samples  wer  a  1/g  lnch  hole  in  it , 

32.^  -  ■”“*  **• 

The  frequency  distribution  of  the  ^t”e5i^"8i0!°rTheeanglemof  incidence 
bottomed  hole  in  the  cu^ed  .«*!«£  shown  on  Figure  ^  Fi  ure  li 

was  0  and  the  diffracted  angle  is  25  .  Th  g  med  hole  „hen  the  off 

also  shows  excellent  agreement  for  a  500  mill 
axis  angle  is  12°. 

►  ho  fair  between  theory  and  experiment  for  a 
On  Figure  12  the  agreement  ,  pere  the  incident  angle  is 

500  mill  hole  in  the  curved  aluminum  samp^  ;eement  between  theory  and  experi- 
18°  and  the  diffracted  angle fiat bottomed  hole  in  the  flat  sample  as 
ment  is  good  also  for  a  125  mill  measurements  in  both  samples  (shown 

shown  on  Figure  13.  We  have  carried  out  t0  study  the  effect  of 

on  Figure  6'  under  the  same  expar  olld  curve  is  the  theoretical  curve, 

the  sample’s  surface.  On  Figure  14  the  so  8 ample  and  the  crosses 

the  dots  are  experiments!  points  in  samples.  At  the  frequency 

are  the  experimental  points  for  for  both  sets  of  data.  For 

region  above  2.5  MHz  the  theory  which  makes  it  difficult  to 

the  lower  freqencies  there  is  of  the  sample’s  surface  condition  on 

Three-Dimensional  Plots 

4  m  obtain  three-dimensional  plots  to 
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Intensity  as  a  Function  of  Frequency, in  Aluminum. 
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PATTERN  AS  A  FUNCTION  OF  FREQ 

OIAMETER  INI  MILS  =  12S.0 
OFF  AXIS  ANGLE  =  17.7 
VELOCITY  IN  MILS/MSEC  IS  250.0 


FREQ  IN  MHZ 


Figure  13.  Flat  aluminum  sample. 
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amplitude-frequenc /-distance  Decwee 


Simulated  Real  Flaws 

toother  .or  of  scattering  5S.Ct‘tSi1f°™.r‘ 

those  on  arbitrarily  shaped  neta  s  m  ..j  £g  Notice  that  in 

flaws.  These  simulated  flaws  are  shown  oi^Figure^lo.^^^^  ^  >rc 

addition  to  circular,  elliptical  an  »  ^  0niy  complete  set 

randomly  shaped  reflectors  (see  Nos  J.  5  ar  * ^  °  y  ^ 
of  data  to  be  analyzed  based  on  th'  f  fn”;“anier  oLtion.  We  are  In  the 
one  and  the  result  has  been  d  scuss  elliptical  reflector.  The 

process  of  evaluating  the  expressio  t  section,  however,  allows  one 

approximate  model  as  outlined  in  t  _efiectors.  On  Table  1  the  results 

to  determine  several  dimensions  of  t  reflectors  used, 

for  actual  and  measured  dimension. .are  shown  tor  . Uttar.  reflector's 
The  agreement  between  actual  values  and  measured  vai 
dimensions  is  good,  within  10-15%. 


of  Shear  Wavfes  from  Notches  in  Aluminum 

„e  have  carried  out  some  initial  experiments^  study 
from  notches  in  aluminum  platos.  e  s  h  longitudinal  critical 

is  shown  on  Figure  Tr.n-duc«  1  *  -‘^^he  plate.  Two  notches 

angle.  This  way  only  shear  waves  ar  P  P  8  received  signal  was  spectrum 
were  used  (.058  and  .091  inches  in  depth  .  Jhe  «cei^  ^8  detcilnlned  t0  be 

analyzed  and  by  the  use  of  equation  (A)  ^  ^  process  of  solving  equation 

£*»-  “ the  study  °£  the  ”de  conv"81°"' 
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x  IS  FREQ  FROM  0.5  TO  5.5  MHZ 
T  is  OFF  AXIS  ANGLE  FROM  10.0  TO  40.0  OEGREES 

DIAMETER  in  MILS  =  245.0 

VELOCITY  IN  10#  MILS/SEC  IS  57.1  e 

figure  is  rotated  from  xz  plane  bt  -  wo.  a  DEG 

FROM  XY  PLANE  BY  -  60.0  DEGREE 


15. 


3D  plot,  amplitude-frequency-angle. 
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X  15  FREQ  FRO”  °-5  T0  5,5  MHZ 


VELOCITY 

figure  is 


IN  10*  R I L5/5EC  IS  57,1 
ROT  AT  EO  FROM  XZ  PLANE  BT 
FROM  XT  PLANE  ST 


270. 
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TABLE  1 

COMPARISON  OF  ACTUAL  AND  MEASURED  SIZES  FOR 
SIMULATED  "REAL  FLAWS" 


9.  Circle 


Diameter 


52 


53 
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APPENDIX 


A  study  of  the  flat  bottomed  hole  on^axis  is  on 

on  the  axis.  Keller  a 
axis  and  it  is  in  the  form  of 


u(D  - »  «*  J0(k»sin#)  rz?ioTT 


(  5) 


,c.  .  1Hc  nniv  for  small  angles  in  the 

ss- ?  TSr—  ^  £°™: 

„  -  V-  |  .in  ^  |  -  *♦  p2(T  -  !  “»  !  +  i+- 

,  .  ls  a-  —  -  -  «*•  ‘ 


ka  fl  -  =2_  ,  a  is  the  raaiu*  w*.  ~~ 

“  'F  '  and  fis  the  distance  between  the  transducer  and  the^di^.  _ 
S  -Rational  to  ^  £p  “  " 

or  the  on  axis  case,  i-e-» 

Iquation  (5)  • 
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PROJECT  I,  UNIT  III,  TASK  2 

DEFECT  CHARACTERIZATION  BY  SPATIAL  DISTRIBUTION 
OF  ULTRASONIC  SCATTERED  ENERGY 


p.  F.  Packman  and  E.  J.  Coyne 
Vanderbilt  University 


Introduction 

The  ultrasonic  pulse  echo  technique  is  a  highly  sensitive  nondestructive 

method^for  detecting^Mall^defects^ithin^the^bulk^of ^a^structure.^The^^^ 

dSc^TizeYs  approximately  0.030  ^-/^^Te^enlhe" tr^sd^  and 
thicknesses  are  not  too  great.  distances  the  minimum  value 

If  the  defects  are  planar  in  nature,  and  tightly  8 

SSSSSI SSTs&sss&r 

data  on  flaw  detection  of  fatigue  cracks  by  production  UT  methods. f 

There  are  several  reasons  for  this  drop  in  sensitivity  for  tight  cracks. 
These  can  be  summarized  as  follows: 

1  The  ti  htness  of  the  crack  does  not  reflect  as  much  ultrasonic 
energies  Tvolu.etrlc  detect  of  the  sane  apparent  projected  area. (7) 

2  Adjacent  portions  of  the  crack  faces  are  in  contact  with  each 
other,  transmitting  portions  of  the  impinging  ultrasonic  energy. ( 

I  The  surface  roughness  of  the  crack,  particularly  the  fatigue 
atrlation.“nd  »gul«lty  changed  due  to  creasing  netallurglcal  boundaries, 
disperse  some  of  the  initial  energy.  ,9) 

4.  Plastic  deformation  associated  with  the  stress  field  surrounding 
the  crack  may  diffuse  the  initial  energy. 

5  The  gross  orientation  of  the  crack  plane  may  not  be  directly 

s^'Si  r„£/s  “dot™ll^  -  specie 

(10) 
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TABLE  1 


ULTRASONIC  FATIGUE  CRACK  DETECTION  DATA 


Technique/Matl ’ 1 


Ultrasonics 
2219-T87 
0.2"  or  0.36" 

Ultrasonics 
Shear  Wave 
2219-T87 


Flaw  Size 

Prob  of 

Length  &  Depth 

Detection 

inches 

2 

.186  x  .038 

902 

.07 

902 

.18 

952 

.07 

902 

.10 

952 

.125 

902 

.33 

952 

.80 

902 

.15 

952 

Confidence  Reference 
Level 
2 

952  (D 


952 

(set 

2) 

(2) 

952 

(set 

2) 

952 

(set 

3) 

(2) 

952 

(set 

3) 

952 

(set 

2) 

(2) 

952 

(set 

2) 

952 

(set 

1) 

(2) 

952 

(set 

1) 

Sheer  Wave 

7071-T6511 

.25 

4340  V  Hod. 

.20 

Ultrasonic 

Surface  Wave 

2219-T87 

.20 

Ultrasonic 

.09 

Shear 

.03 

5Al-2.5Sn  Titaniun 

0. 125"Thick 

Ultrasonic  Shear 

0.07 

5Al-2.5Sn  Titanium 

0.05 

0.5"  Thick 

0.07 

Ultrasonic  Shear 

.28 

2219  A1 

.05 

0.50"  Thick 

0.02"  Thick 

.05 

Delta  Scan 

D6AC 

.150 

Duplex  inspection 

.030-075. 

902 

(3) 

902 

(3) 

902 

preproof 

(4) 

992 

(5) 

502 

(5) 

S92 

(5) 

972 

(5) 

50" 

(5) 

992 

(5) 

502 

(5) 

992 

(5) 

902 

induced 

flaws (6) 

902 

952 

(6) 
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The  problem  of  determining  the  degree  of  criticality  of  the  flaw  size, 
shape  and  orientation  is  very  difficult. (11)  Few  studies  have  been  have  been 
conducted  on  the  measurement  of  the  size  of  small  defects  by  UT.  For  th® 
case  of  defects  whose  size  is  considerably  larger  than  the  diameter  of  the 
transducer,  several  techniques  are  available.  (12),  (13),  (14)  These  inclu  e 
the  AVG  diagrams  developed  by  Krautkramer  (15)  and  the  position  scanning  methods 
developed  by  Giacomo,  Crisci  and  Goldspiel. (16)  Both  techniques  are  relatively 
accurate  for  larger  defects.  The  Giacomo  techniques  uses  the  motion  of  the 
transducer  to  determine  the  size  of  the  defect.  The  transducer  is  moved 
slowly  across  the  defect  until  the  reflected  signal  reaches  some  lower  threshold 
edge,  passes  through  a  maximum  and  diminishes  as  it  passes  beyond  the  crac 
plane.  Geometric  analysis  of  the  diverging  ray  pattern  eminating  from  the 
transducer  is  used  to  estimate  the  size  of  the  flaw.  In  almost  all  cases 
the  ultrasonic  signal  analysis  underestimates  the  size  of  the  flaw.  These 
underestimates  are  attributed  to  1)  tightness  of  the  flaw,  2)  multiple 
reflections  from  the  rough  surfaces  of  the  crack  and  3)  diffraction  effects. (  ) 

The  AVG  diagram  introduced  in  1959,  (15)  relates  the  distance  of  the 
flaw  from  the  probe  (A),  the  amplification  of  the  signal  (V)  in  db  and  the 
equivalent  reflector  diameter  (G) .  A  reference  graph  is  drawn  for  a  trans¬ 
ducer  by  plotting  the  amplitude  in  db  from  a  series  of  flaw  disc  shape 
reflectors  as  a  function  of  the  distance  of  the  reflector  disc  to  the  trans¬ 
ducer  probe  in  a  water  bath  immersion  system.  The  ultrasonic  attenuation 
of  the  water  is  then  subtracted  out  and  typical  graphs  show  the  reflect  on 
conditions  without  the  immersion  attenuation.  The  backwall  echo  shows 
that  the  reflection  of  large  defects  becomes  nearly  linear  with  the  distance 
when  in  the  far  field  of  the  transducer  (approximately  three  field  distances). 
The  radiation  laws  for  small  reflectors  show  decreases  more  nearly  proportional 
to  l/distance^. 

Measurements  of  *-he  equivalent  area  of  the  flaw  by  consideration  of 
reflected  amplitude  gives  information  about  the  possible  minimum  dimensional 
values  and  not  about  the  actual  dimension  of  the  flaw.  It  is  apparent  that 
flaws  of  different  geometric  configuration  can  produce  the  same  maximum 
reflection  heigh.,  and  hence  appear  to  the  ultrasonic  beam  to  be  the  same 
equivalent  area.  Excentric  el1 iptical-crack  like  defects  and  circular  flaw 
defects  of  the  same  area  are  t fo  typical  examples. 

The  amount  of  information  about  the  revealed  flaw  can  be  substantially 
increased  by  considering  two  aspects  of  the  reflected  signal,  namely  the 
frequency  content  and  the  indicatrix  of  scattering. 

Considerable  information  is  available  on  the  use  of  frequency  analysis 
of  ultrasonics  as  a  tool  for  the  characterization  of  defects. (17,18)  In 
this  type  of  analysis  the  frequency  con!:.-\nt  of  the  ultrasonic  pulse  is 
examined,  and  found  to  change  with  shape  of  the  defect.  This  technique  was 
initially  proposed  by  Gericke. 

The  use  of  the  <ndicatrix  or  indicia  as  a  method  of  determining  informa¬ 
tion  about  the  shape  of  the  flaw  was  initially  proposed  by  Gurvich  and 
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Shchukln(19  an,  further  developed  by 

defined  as  the  standardized  functl  ”  tecelver.  Thus  the  Indicia  measures 

sonic  waves  reflected  by  the  defect  associated  with  the  scattering 

*Se  totality  of  reflected  energy  fro.  a  defect  recelver  when 

the  ultrasonic  waves  from  a  transmitter,  as  picked  “P  Dy 
bo th^ transmit ter  and  receiver  are  moving  in  a  prescribed  path. 

A  typical  example  of  an  indicia  is  shown  in  TZs-^ 

of  reflected  energy  I  is  shown  as  a  u  J  f ound  within  a  gated 

mitter/receiver.  ^"particular  signal  la^ons  from  a  known 

position  selected  previously  by  - considering  the  ref le< special  the  reflected 
defective  sample.  As  the  transducer  scans  scan  is  of 

energy  slowly  rises  from  zero  to  a  ma  : i  hole.  If  there  is  a  crack 

a  0.5"  diameter  straight  shank  dr“led  ®  .  are  pertubated  by  the 

growing  out  of  the  drilled  ho  e,  t  e  u  ^  as  wen  as  the  original 

additional  reflections  associated  wit  _  hole  Hente>  the  indicia 

presence  of  the  crack  in  the  vicinity  of  the  drilled  hole. 

The  technique  need  by  Curvlch  and  Yerm.lv  £„ee- 

lndicla  at  a  predete^ined  ^  ^  ^  ^ermine  the 

ssvs.* ""ub^:  --“a"er‘"8 

fro.  Ideal  reflector,  auch  a.  .pherea,  spheroid,  and  discs, 

Experimental  Program 

The  purpose  of  the  erperl.ent.l  pr.srM  vas^d.velo^a  ^ 

Indicia  for  scattering  from  novn,  ,  phe  Bpecimens  were  prepared  by 

^ui°ntelJifnIl1r^“  3  the  “ 

SS^SS'S-SS;.  S^SST^  been  described 

elsewhere. (22) 

Ultrasonic  Indicia  -ere  run  for  ail  specimen.  "epwedln^r 

1.  2,  3,  4,  and  5  slrtyfourths  flat  and  conical  bottom  hole.  SFZ 

laboratory  fro.  6061  '^u'asonic  system'...  a  Sperry  UM  715 

sr:™**  w'e'^bit^p— ^rsr’S.:p'™:  ““  »»■ 

i;feraedVur.iangle.  33^1“  rI»Tth«  “^^“ft.  y^r^d^ 

DC  signal  from  the  tranelgate  was  e  series  were 

while  the  position  signal  was  used  as  the  X  axis. 
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.  i\  a  tnw  sensitivity  position  scan  to  obtain 

run  for  each  specimen  examined,  1)  >  sensitivity  position 

The  scanning  unit  also  had  provisions  M 

and  z  directions,  typically  the  z  pos  ,°a  .  ently  unchanged.  A  typical 
contact  was  maintained  during  a  s^»  exlng  the  x-y  positions  to  obtain 

series  of  scans  would  be  made  by  first ' defect  within  the  pre- 
the  supposedly  lar^^  refle^te  s  8“  rodutcd  with  the  screw  drive 

oel-cted  gated  position.  Scans  wer  p  direction.  When  a  trace 

u  .it  automatically  moving  the  trans  u  ^  direction.  Thus,  a  serJ-s 

o f S indlcil* could*be  E^f^t™.  that 

£  :^a^fre’^h3ci:  Stained  are  shown  in  Figure  3  and  4, 
for  .025"  x  position  changes. 

Since  both  indicia  were  made  using  the  “f transducer , 
motion,  and  an  equal  .025  step  Position  for  the  x  posi  of  the 

the  difference  ir.  the  indicia  can  be  attributed  ^  the 

flaw.  It  thus  appears  that  one  specimen  ■  fain^is  considerably  smaller 
vertical  axis,  since  the  number  of  Indicia  ^“"eu  of  the  defect, 

than  that  obtained  on  the  second  apecl  •  ^  f  the  indicia) 

=  =ss  £  =:  rrrSSSkx^L  sr *■« 

thricn.  ^  *  ***  *•  — •  - 

would  be  approximately  the  same  number  of  x  traverses. 

Experimental  Results 

The  simplest  method  of  describ ijj^ind lei ^^i^^-fime'pulse. 
S^^SLSLl  Shock  or 

:?dthee8;:^  tLTul^rquLtion  can  be  estimated  by  the  following: 


X(t)  -  j  f(x)-h(t-x)  dr 

where  X(t)  is  the  response 
f(t)  is  the  forcing  function 

h(t-r)  the  unit  impulse  response  of  the  system 
t  a  dummy  time  variable 
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The  integral  involves  the  convolution  of  two  complicated  functions  and  the 
exact  solution  usually  poses  formidable  difficulties.  The  analysis  can  be 
simplified  by  applying  the  Fourier  Transform  tn  the  phenomena  and  describing 
the  transformation  in  the  frequency  domain.  It  should  be  emphasized  that  with 
the  Fourier  transform  analysis  of  the  indicia,  the  impulse  is  space-like 
instead  of  time-like  as  with  the  more  commonly  accepted  pulses. 

The  Fourier  transform  is  defined  as 


A  (f) 


, .  .  -12  n  ft .. 
f(t)e  dt 


(2) 


with  the  additional  requirement  that  f(t)  is  finite.  When  f(t)  is  a  shock 
or  Indicia  the  latter  requirement  is  automatically  satisfied  since  at  t  ■  0, 
and  t-f,  f(t)  ■  0. 


If  tl.«s  driving  function  is  given  by  a  short  duration  square  pulse  of 
duration  T,  and  amplitude  A,  shown  in  Figure  5,  the  Fourier  spectrum  of  the 
rectangular  pulse  is  given  by: 

Sm  ff  f  t 

A<f>-AT-57T  (3) 


This  is  shown  in  Figure  6.  Thus,  It  appears  that  driving  functions  that  are 
Dirac  in  nature,  transform  into  a  series  of  loops  whose  frequency  between 
node'-  (zeros)  Is  inversly  proportional  to  the  width  of  the  pulse  T.  Similar 
results  can  be  obtained  for  sinusoidal  driving  p  ilses  and  triangular  pulses. 
(23) 


Since  the  observed  indicia  are  all  pulse-like  in  nature,  an  analysis 
was  made  to  determine  the  Fourier  spectrum  of  the  indicia.  A  typical 
Fourier  spectrum  of  an  indicia  is  shown  in  Figure  7 .  For  some  indicia 
it  was  found  that  the  nodes  did  not  necessarily  pass  through  zero,  but  had 
minimum  which  could  be  associated  with  the  width  of  the  pulse.  This  means 
that  in  contrast  to  the  Dirac  or  Square  pulse  which  is  missing  energy  at 
certain  frequencies,  these  pulses  contained  energy  in  these  positions 

A  plot  could  then  be  made  of  the  "order  of  the  node"  vs.  the  frequency 
at  which  the  node  passed  thorugh  zero,  or  through  a  minimum.  For  most  of 
the  specimens  examined  this  resulted  in  a  straight  line,  indicating  that  the 
general  shape  of  the  indicia  was  that  of  a  space-like  pulse,  whose  shape  could 
be  described  in  terms  of  some  idealized  width  related  to  the  equivalent  width 
that  the  ultrasonic  probe  believes  the  defect  to  be. 

Since  the  actual  width  of  the  defect  is  known  and  the  number  of  passes 
needed  in  the  step  scanning  system  is  also  known,  the  width  of  the  largest 
peak  indicia  can  be  taken  to  correspond  to  the  transducer  scanning  the  defect 
at  its  widest  point.  Hence,  a  graph  of  the  slope  of  the  node  order-frequency 
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Figure  6  FOURIER  SPECTRA  FOR  PULSE  SHOWN  HI 
FIGURE  5 
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*  rr--Y„ 

of  defects.  This  is  sh  experimental  points, 

line  has  been  drawn  through  the  expert 

The  analysis  of  an  unknown  defect  would  the into  frequenc>  space. 

the  maximum  indicia  height  ^^ned ,  and  the  slope  of  the  order- 

Se  position  of  the  nodes  would  be  determi  ,  .  8  the  width 

freauency  plot  determined  for  this  unknown.  of  scanS  are  nade  for 

of  tb  unknown  could  then  be  determin  'is  known,  then  the  value  of  the  ultr 
an  unknown,  and  the  co^ld  be  determined  at  each 

sonic  indication  of  the  width  of  thesp^^  ^  essentially  straight  lines, 
scan  position.  The  first  and  las  ^  longer  interacts  with  he 

of  Figure  3  and  A,  (when  the  pro  ndlcla  for  each  scan  in  the  step 

defect).  Hence,  the  maximum  of  the  indicia  considered  as  an  indicia 

a^i^sri  ^  "  ss  “s  s  £ 
s&vrss  •*. —  —  — 

by  examining  Figure  8.  ^  defect 

Following  this  reasoning,  one  can  ^^““^ion  of  topical  spherical 
from  the  analysis  of  the  lndlcla‘  t  Figure  9.  The  major  problem  wit 

defect,  specimens  N,  0  and  a*e  g  lnherent  scatter  in  the  siopecurve^ 
these  results  appear  to  be  that  ultrasonic  width  and  hence,  the 

Figure  8  results  in  uncertainties  in  the^^  ^  determine  if  the  defect 

wer^ truly6 ellipsoidal* in " shape  or  circular. 

This  method  of  measuring  the  8hap®f°^hpress!rl  pattern  generated  by  the 
the  sZe  of  the  pattern  of  lf^e  ^“Sr  Is  rotated  slightly, 

— u;e 

of  the  indicia;  hence,  the  analysis  or 

°r  tn  f  each  transducer, 

must  be  repeated  for  eacn  tr 

A  more  direct  method  of  Hetemi^  These 

made  following  Gurvich  and  Shchuki  the  lndicia  when  the  probe 

authors  give  an  impression  for s  defect  (assumed  to  be  spherical 

sonic  axis  and  the  scattering  ax  standardized  function  for  th 

disc  like)  are  aligned  during  the  sea  of  the  maximum  indicia  is 

envelope  sequence  of  echo  signals 

given  by:  1 

/  Xi\  cos2  T-(  arctg  |  )  * 

F(x)  -*c  (arctg  H  )  [  *0  H  J 

1-  2a (Xi  »h!L-L- — ,  h] 

Iv-r-*'-'1  '-'"'‘‘“'I 


amplitude 


Figure  8  SLOPE  OF  FRI.iGE  ORDER  vs  FREQUENCY  PLOT 
(m)  vs  ACTUAL  DEFECT  WIDTH 
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Where  £(x)  is  the  indicia  function 

=  the  position  of  the  transducer 

H  =  the  depth  of  the  defect 

d>  =  scattering  coefficient  of  defect 
o 

$  -  angle  relating  the  major  pressure  pattern  angularity 

6  «  attenuation  coefficient 

n  «  2-spheres,  1-disc 

X±  -  position  of  the  transducer  at  the  maximum  echo  signal 
The  experimental  configuration  for  thia  system  is  . ho™  in  Figure  10. 

SLSTifU;” :  variois- 

values  of*,  are  given  in  Figure  11.  It  can  ultrasonic 

predicts  secondary  peaks,  and  indicate  that  tor  ce  a  n  c  transduCer. 

signals  should  drop  and  rise  again  with  further  motion  o tbe 
This  has  been  observed  with  45°  shear  wave  transducers  (21)  and  is  due 

the  formation  of  multiple  reflections  from  *****“  **'**£“?„  chls 
position  as  the  transducer  moves  over  a  large  distance.  However,  tor  tnis 
analysis  we  are  interested  primarily  in  the  shape  of  the  primary  peak  Ry 
a  suitable  choice  of  0.  the  maximum  indicia  can  be  made  to  agree  nicely 

o  _  J  —  T7-I  1  0 


the  predicted  curves,  as  seen  in  Figure  14. 


It  should  be  pointed  out  that  in  this  analysis,  the  shape  of  the  ultra- 

':ue:^r1ircr:n;iyfiror;h:“uri^r"*"ir'tir- 

relatively  straight  forward. 

Conclusions 

The  ability  of  the  ultrasonic  indicia  to  characterize  the  shape  and 
size  STl2S2  detects  ha,  been  developed  end  examined  the  . result, ,  of  an 
experimental  program  to  characterlte  these  defect,  ha.  shown  the  following. 

1  The  shape  of  the  indicium  gives  a  indication  oj:  the  shape  of  the 
defect  and  can  distinguish  between  elongated  defects  and  spherical  defects. 
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Figure  11 


DISTANCE  (X) 

Figure  12  COMPARISON  OF  EQUATION  4  0.07  WITH 

ACTUAL  INDICIA  OF  3/64  FB  HOt F 
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_  instead  of  space- 

2.  b»  2  r,  -ki»8  «i- 

like  a  frequency  spectra  can  spectra  can  be  used  t 

rir.  s  sisa  iS5.-2r~  -  - 

3  The  shape  of  the  -*i~»  1”“'‘afi"„eu‘»«hZ*«“iwbU.hed 

-  *— l* used " 

the  rtH-  -  - -rJ.s zsmsz 

-  -u.  :--r  “ 

“  STSSUSS.  -  rotation  =f  the  translate.  can 
errors. 
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PROJECT  I,  UNIT  III,  TASK  3 

COMPARISON  OF  THEORY  AND  EXPERIMENT  FOR 
ULTRASONIC  SCATTERING  FROM  SPHERICAL  AND  FLAT-BOTTOM  CAVITIES 


B.  R.  Tittmann 

Science  Center,  Rockwell  International 


Objective 

The  objective  of  this  task  has  been  to  perform  those  ultrasonic  experi¬ 
ments  and  analyses  required  to  interpret  the  electrical  signals  derived  from 
the  pulse-echo  scattering  from  defects  in  terms  of  the  characteristics  of 
the  defect.  The  work  has  been  done  in  the  context  of  evaluating  standards 
as  currently  encountered  and  utilized  in  the  industrial  NDE  community. 


Summary 


Experimental  data  are  compared  with  theoretical  calculations  for  the 
scattering  of  short-duration  ultrasonic  pulses  from  a  single  spherical 
cavity  embedded  in  a  metallic  solid.  Emphasis  has  been  placed  on  the  influ¬ 
ence  which  a  defect  has  on  a  wavepacket  containing  many  frequency  components 
as  is  used  in  practical  NDT  applications.  The  angular  dependence  of  the 
scattered  longitudinal  and  mode  converted  shear  waves  generated  by  an  incident 
longitudinal  wave  pulse  has  been  measured  over  the  frequency  range  from  2.25 
to  10  MHz.  These  data  are  found  to  be  in  reasonable  agreement  with  theoretical 
angular-dependence  results  obtained  with  two  alternate  schemes  of  synthesizing 

he  scattered  wave  packet  out  of  each  of  the, frequencies  making  up  the  incident 
pulse. 

„  The  stud^  of  scattering  from  flat-bottom  holes  emphasized  normal  incidence 
ol  an  ultrasonic  beam  onto  the  flat  bottom  of  a  drill  hole.  The  measurements 
have  been  carried  out  under  a  variety  of  conditions  to  test  the  range  of 
relevance  or  Ermolov's  theory  and  more  generally  to  shed  light  on  the  range 
of  applicability  of  the  flat-bottom  hole  as  a  reference  standard.  Effects 
°f  ^Tuid  versus  solid  propagation  medium,  large  versus  small  bandwidth 
ultrasonic  pulses,  stress-free  versus  clamped  boundary  conditions  for  the 
scatterer,  near-zone  versus  far-zone  scattering  ranges  have  been  considered 
lor  a  variety  of  transducers  and  frequencies.  For  most  situations,  Ermolov's 
theory  adequately  describes  the  scattering  characteristics  and,  therefore, 
provides  a  useful  tool  for  predicting  the  behavior  of  the  flat  bottom  hole. 
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A  rr~  —  ^  +■»>»  Theoretical  and  EKbe.lTnent.nl  Treatment  of  Ultra- 
^Tic  Pulses  of  Wide  Frequency  and  Band  Width 

(l)  Introduction 

Annroximately  half  of  the  effort  during  the  last  year  concentrated 

-  «-  -  Jtion  or  tj. 

S«Si.  ^~££2Zlr 

detailed  theoretical  and  experimental  descript  on  arbitrary  density 

srsss,‘ '  -r 

^sf  UscusSd  her.  benefited  fr»  the  defiled  calculations  generated 
by  the  AFOSR  program. 

(2)  Procedural  Techniques 

The  ultrasonic  pulses  used  in  many  NOT  experiments  have  a  high 
bandwidth  and  a  comparison  between  our  data  obtained  with  these  puises  an 

calculations  based  on  monochromatic  «ve.  -h^jd  on  n 

srs.*L 

- sss  jrsksvss-  “.id  X* 

practice. 

As  example,  Figure  1  shows  the  angular  dependence  of  a  T -5  MHZ 

ultrasonic  pulse  scattered  from  an  800p  diameter  spherical  cavity.  Jhe 

data  is  compared  (by  fitting  at  one  point  i.e.  ,  ^  ^  mono_ 

L  good  agreement  because  of  the  vide^quency 
band  width  in  the  -count 

the  final  result  is  actually  a  calculation  of  ““  tified  RF  pulse  as 
the  scattered  signal  and  not  the  peak  height  of  the  rectliiea  p 
was  measured  in  the  experiment  • 

The  curve  labeled  "Simulated"  represents  an  improved  calculation 

procedure  in  SL^  “/a™  sif  .1  is  simulated  thennetically  £££* 

as  possible.  Here,  the  transmuted  ultrasonic  ^^'f^J^ed 

analysed ,  a.  before  and  then  the  th^retically  fitting 

for  each  angle.  This  signal  is  th  .  ..  of  the  envelope  is  used  to 

its  envelope  with  a  parobala  and  the  peak  height  of  the  enve  P 

calculatethe  scattered  power  for  each  angle  to 

ment.  This  result  gave  nearly  the  same  angular  dependenc  P 
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technique ,  tut  .as  found  to  consce  considerably  more  ccputer 
time. 

(3)  Results  and  Conclusions 

Figures  2  and  3  present  some  rep) ^^mode-converted  shear  -raves 

angular  dependence  of  sca^red  diam^spherical  cavity  upon  which  are 

respectively  associated  with  a^O  ^  ?hose  theoretically  calculated 

incident  longitudinal  waves.  The  1  result  in  Fig.  l.  Three  points 

toy  the  method  which  gave  the  Synthesiz  d  technique  is  sufficiently 

emerge  from  this  study:  namely;  one  that  the  ^eriment  for  a  vide 

accurate  to  give  good  agr  listed  below  respective 

range  of  frequencies  and  transduce  V  different,  that  a 

frequency ) ;  secondly,  that  say  from  6  -  40  to  0  =  60 

few  measurements  points  in  e  spherical  cavity,  and, 

should  be  sufficient  to  determine  the  size  of  ^  conversion  of  the 

thirdly  th.  technique  r0?e  in  the  unique  identiflc.tion 

scattered  waves,  which  piays  ^ 

of  defects. 


B.  Pnmjmrlson  of  Employ's  Theory  with  a  VarietjLof. 
Procedures 

(l)  Introduction 


perimental 


Ermolov'a  W  is  the  -to, 

for  norr.nl  incidence  of  longitudinal  ™  ^dressing  the  scattering  fro. 

a  fluid.  This  treatment  is  only  one  of  severa  ^  ^  ^  otherj 

disks  and  although  Ermolov  s  is  not  as  g  conveniert  to  use.  Since 

solution  enjoys  the  advantage  of  being  sim^l  conversion  to  shear  waves,  the 

his  solution  does  not  take  in  doScribes  situations  other  than  the 

question  arises  of  how  well  his  solution  d  scr  ^  ^  CMM 

highly  idealized  situation  ot  a  disk  in  a  *  motionless  flat-topped 

studied,  only  three  -ill .  he  Jn”'^.i  block  i-ersed  in 

rod  In  a  »ater  bath;  a  ptt-botto  a  „etal  block  .1th  the  trans- 

“ducfrln'oiid  W  vn"tal  so  as  to  alio,  reception  of  .ode-converted 

shear  waves. 

(2)  Comparison  for  three  test  cases. 

(a)  Rod  in  water  bath 
Figure  U  eho.s  the  relative 

from  a  5M"  diameter  flat-topped  rod  e  a  3/41-  diameter,  1.0  MHz 

between  the  transducer  and  rod  was  varied.  H  long  pulselengths 

—  to  the  theory-  ™ 
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2.  Angular  dependence  of  scattered  pulses  for  several  different 
frequencies. 
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Fig.  4.  Chart  recording  of  amplitude  of  signal  scatter s 
of  rod  in  vaterbath  as  separation  between  rod  and  transducer  i 

varied. 
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shown  in  the  figure  are  the  theoretically  calculated  positions  of  the  first 
peak  and  null  marking  the  transition  between  the  far-zone  (high  values  ol  R) 
and  the  near-zone  (small  values  of  R).  The  agreement  between  theory  and 
experiment  is  good  even  though  in  this  case  any  effects  from  < the  sides  of 
the  rod  (the  shaft)  are  clearly  not  taken  into  account  in  the  theory.  A  mor 
stringent  test  of  this  comparison  is  afforded  by  the  plot  shown  in  fig.  5 
which  graphs  the  information  in  terns  of  normalized  parameters.  Here  also, 
the  data  from  a  few  runs  with  different  diameter  transducers  show  reasonably 
good  agreement  with  the  theoretical  plots  • epresented  by  the  continuous 
lines  These  lines  s).  ,w  both  the  far-zo-.e  (Fraunhofer)  and  near-zone  (fiesnel) 
relllei  over  a  very  large  range  of  the  separation  R.  In  this  plot  R  enters 
into  the  denominator  of  the  abscissa,  so  that  by  contrast  with  fig.  t 
separation  increases  from  right  to  left. 

A  noticeable  characteristic  of  th ?  graph  is  the  smoothing  of 
the  near-zone  peaks  and  nulls  as  the  ratio  of  *e  disk  diameter  b  to  transducer 
diameter  a  increases.  This  result  is  plausible  on  physical  grounds  when  on 
considers  the  phase  relationship  between  waves  arriving  at  the  center  of  the 
transducer  with  those  arriving  at  the  edge.  If  the  source  is  almost  a 
point  source  (b/a  small),  the  two  waves  could  add  in  or  out  of  phase  and 
the  integrated  response  of  the  transducer  would  give  sharp  peaks  and  nulls , 
respectively.  When  the  source  becomes  the  same  size  as  the  transducer  the 
source  can  be  thought  of  as  consisting  of  many  point  sources  distributed  over 
a  relatively  large  area.  Consequently,  the  waves  arriving  at  the  transducer 
no  longer  have  a  well-defined  phase  relationship  and  the  sharp  features 
Looth  »d  disappear.  The  ss»e  reshit  must  he  exacted  to  ocou, 
the  waves  loose  their  plane-wave  character  as  would  be  the  case  for  a  puls-, 
containing  a  large  frequency  band-width.  The  partial  round  ng  p 

and  null  in  the  data  in  the  vicinity  of  a//R  =  1-5  is  most  likely  due  -  , 
both  of  these  effects. 

(b)  Flat-bottom  hole  in  metal  block  immersed  in  water. 

When  the  rod  was  replaced  by  a  block  of  metal  with  a  flat-bottom 
drill  hole,  our  data,  as  well  as  published  data,  again  gave  reasonable  agree¬ 
ment  with  theory.  As  example.  Fig.  6  presents  data  in  normalized  form  for 
the  case  of  A1  Ultrasonic  Standard  Reference  blocks  of  vfrio^  lengths 
and  containing  holes  of  various  sizes  (data  taken  from  the  197^  Annual  Boo 
of  ASTM  Standards^ ) .  Here  the  transducer  is  maintained  a  fixed  distance 
(3  inches)  from  the  face  of  the  block  containing  the  flat-bottom-hole 
such  that  the  waves  are  incident  at  right  angles  to  the  block  face  an 
the  flat  bottom  of  the  drill  hole.  Any  effects  of  mode  conversion  taking 
place  in  the  solid  metallic  sample  are  not  detected  by  the  transducer,  since 
the  shear  waves  are  not  propagated  in  the  water.  As  seen  in  the  figure, 
the  agreement  between  theory  and  experiment  is  reasonable  in  spite  ol  the 
fact  that  the  waves  are  encountering  two  layers  of  material  and  the  fl*  " 
bottom-hole  (backed  up  by  air)  no  longer  satisfies  the  boundary  condi -ions 
assumed  in  the  theory,  i.e.,  that  of  a  motionless  (clamped)  disk. 
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Fig.  5.  Scattering  from  rod  in  vater  bath.  Plot  of  data  and  Frmolov  s 
predictions  in  terms  of  normalized  coordinate. 
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Fig.  6.  Comparison  of  theory  and  experiment  (normalized  coordinates)  for 
scattering  from  flat-bottom  hole  in  A1  block  immersed  in  water. 
The  travel  path  in  water  is  fixed  (3  inches)  whereas  travel  path 
in  A1  changes  with  different  block  lengths.  The  experimental 
points  were  obtained  from  data  published  for  Ultrasonic  Standard 
Reference  blocks. 5 
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(c)  Flat-bottom  hole  in  metal  block  with  solid  between 
transducer  and  sample. 


Ft  mire  7  presents  data  in  a  form  similar  to  that  in  Fig.  4 
(relative  power  as  a  function  of  the  separation  R)  on  Ti-6*A1-4*V  Ult^°n  c 
otnnAnrA  Reference  blocks  of  various  lengths  all  containing  the  same  s 
fi"-bo«™-hole "/S2  in  diameter.  Special  effort  vas  placed  on  assuring 

.  ,  .  th  Ee  Gf  a  vax  with  a  low  temperature  melting  point  (  50  C) 

L“"t£  nlZV,  °theSdata  is  clearly  -  valance  vith  the  theory  or 

transducer  or  in  any  property  variation  between  the  reference  blocks  The 
result  then  suggests  that  the  theory  of  Ermolov  is  not  quantitativ  y 
IppuLble  he^!  that  some  mode-conversion  may  in  fact  occur  -  Probably 
S  the  edge  of  the  hole,  and  that  perhaps  the  presence  of  a  ^d  bond 
ol.  „„  +h„  chear  waves  to  alter  the  back-scattering  problem.  Further 
theoretical  and  experimental  evidence  is  needed  to  clarify  +he  situation. 


(5)  Conclusion 


In  summary,  except  for  special  test  configurations  such  as  those 
involving  solid  bonds  on  metal  blocks,  Ermolov’ 3  treatment  is  applica  1 
a  wide  vLieiy  of  scattering  situations  and  should  provide  a  useful  tool 
for  the  analysis  of  the  flat-bottom  hole  at  normal  incidence. 
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PROJECT  I,  UNIT  III.  TASK  A 
THEORETICAL  STUDIES  OF  FLAWS  AND  NDE 

j  A.  Krumhansl,  J-  S.  Gub.rn.ti.,  «•  Hub.man  and  E.  Romany 
Cornell  University 

A,  of  July,  1975,  the  statu,  of  v.riou.  component.  of  this  program  is. 

,  .  r  intotral  eauation  scattering  theory  for 

and  ~ In  a  toport  lust  being 

completed. 

While  there  is  .uch  literature  (acoustics)  for  Save  systems 

r“Tee“^o^tedh'  -  «rse  as  a  souroe  for  this  theory. 

sjs/k  rasrsri  “C,:=r  ”  “ 

and  evaluated. 

A.  Thus,  we  have  computed  Born  approximation  ^  s  _  as  a  function 

r^s»%“risr j:," 

_r-“~^rs"J?.=rs^s  s*-' 

i  ja  t-hat  there  are  many  useful  regimes 

5.  The  practically  useful  conclusi  because  of  its  relative  simplicity 

of  the  first  Bom  approximation  -  w  f  This  ghows  promise  as 

does  not  require  extensive  costing  effort  for  use.  (5ign.t„r«s) . 

a  first  approximation  to  explore  scattering  pattern 

ris  ss.s.-,: 

"calibrations." 

During  the  next  phase  of  the 

cal ibrate^the0 Integral  equation  method,  for  dlso-lihe 
individual  technical  report,  covering  these  result,  are  in  preparation. 

An  abstract  of  a  talt  to  be  presented 
September  22  -  2A,  1975,  at  Los  Angeles,  Theory 
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sound  by  Flaws,"  J.  A.  Krumhansl,  J.  E.  Gubematis,  M.  Huberman,  and 
E.  Domany,  Laboratory  of  Atomic  and  Solid  State  Physics,  Cornell  University, 
is  attached. 

Although  publications  are  planned,  results  from  this  first  year's  work 
are  just  now  being  assembled  in  our  reports. 

A  more  detailed  overview  of  the  program  is  attached. 


Overview 

Ultrasonic  metl  ods  are  of  great  importance  in  the  study  of  structural 
and  elastic  propertie :  of  materials,  particularly  for  non-destructive 
testing.  A  remendout  body  of  experimental  work  exists  and  has  been  inter¬ 
preted  to  varying  degrees.  However,  these  interpretations  have  freqi  -itly 
been  based  upon  theoretical  methods  which,  in  terms  of  modern  concepts,  have 
not  advc.nced  nearly  as  far  as  have  the  experimental  techniques. 

Beyond  the  experimental  aspects  of  signal  production  and  processing, 
the  central  question  is  that' of  specifying  how  flaws,  i.e.,  inhomogeneities, 
scatter  ultrasonic  waves.  Several  experimental  programs  are  now  under  way 
to  lay  a  basic  foundation  for  engineering  applications,  by  measuring  and 
analyzing  the  behavior  of  specific,  well-controlled,  prototype  defects  in  a 
few  representative  materials. 

We  have  addressed  ourselves  to  the  theoretical  problems  encountered 
in  this  controlled,  experimental  study.  Two  lines  of  development  have  been 
emphasized,  representing  substantial  advances  in  the  theoretical  and  analytical 
capability  of  theory  for  interpretive  purposes:  First,  integral  equation 
methods  adapted  from  quantum  scattering  theory  are  susceptible  to  a  wider 
variety  of  practical  approximation  methods  than  are  the  traditional  differential 
equation  approach;  second,  modern  computer  capability  is  vastly  greater  than 
that  available  a  decade  or  more  ago  when  much  of  the  last  serious  study  of 
elastic  wave  scattering  in  solids  was  done.  In  both  respects,  new  results 
have  been  obtained. 

Thus,  we  plan  to  write  a  series  of  reports  for  record  and  for  use  by  the 
experimental  community;  in  part,  these  reports  will  be  a  review  of  theory, 
but  much  of  what  we  report  is  new  and  is  not  to  be  found  elsewhere,  to  our 
knowledge.  In  addition,  computer  programs  have  been  produced  and  results 
obtained  for  several  representative  (single)  flaw  situations  in  titanium, 
aluminum,  and  stainless  steel. 

Another  set  of  introductory  remarks,  for  perspective,  concerns  the 
broader  view  of  the  experimental  situation.  Scattering  problems  are  encoun¬ 
tered  at  several  levels: 

1)  Even  the  normal  "good"  material  is  usually  polycrystalline,  so  that 
when  looked  at  with  sufficient  resolution  there  is  a  "noise"  source  not 
present  in  single-crystal  material. 
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JhlcS  certainly  modifies  «« 

3)  In  some  Instances,  f f erentlal  equation 

;i.s 

S' ^  . 

.  »u  fnrt-  that  very  complete  computations 

;1^HSSS=  ir-sr-sK1  *=“ 1 ""“  “ 

.n^^nmr  SCATTERING 

Krumhans 1 ,  Gubernatis,  Pomany,  and  Huberman 
July  1975 

Physics:  Constitutive  Relations  (Elasticity) 

—  Dynamics  (Newton  s  Laws) 

Filiations  of  Motion: 

Differential  Equations:  “^“‘Sp.n.lo»a 

Boundary  Matching 

Partial  Wave  Scattering  Basis 

integral  Equation:  F^f  “^To'lS.ns 

Boundary  Matching  Automatic 
Approximation  Options:  Born,  Modifie 
Born,  Variational 
General  Scattering  Cross  Section 
Formula 

Asymptotic  and  Conservation  Laws 


Regimes : 

Diffraction  Limit: 


ka  «  1 
^“f law 


Scattering  Pattern  Signature 
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Geometric  Optics  Limit: 


Theory;  Edge,  surface  «*«• 


Applications^ 

Single  Scatrerer  S  Diffraction  Ll.it: 
A.  Diffraction  Limit 


B. 


Multiple  Scatterers: 


Exact  results  for  sphere,  partial 

wave  basis  . 

Born  approximation  for  p  » 

comparison  for  spheroid, 

E"utrrrac“l£t."  integral  egn.rion 

method  „„i,i>rotdal  cr&-h 

Born  approximation  for  and 

Bom  approximation  fo 
cylindrical  holes 

Variational  approximations 

Polycrystalline  media,  integral 
equation  method  modif icati0n 

Attenuation,  spect  integral 

Flaw  structure  correlations,  mt  g 

equation  method 
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theory  of  the  scattering  of  ultrasound  by  flaws 

.  ,  i  t?  r.iiipmat  Ls  M.  Hu^erman,  and  E.  Domany , 

U^;  "-y.lcs,  Cornell  Universe.  Ithaca, 

NY  14853 

An  integral  equation  governing  the  scattering  of  dls_ 

arbitrarily  shaped  flaw  Is  presente  ,  case  of  a  flaw  embedded 

placement  and  stress  fields  ara  dlS^U®d  the  total  and  partial  differential 

in  an  Isotropic  medium.  Also  discussed  a™  for  a  spherical 

cross  sections  for  the  scattere  P°"e  ‘  approximations:  one  analogous 

flaw  (cavity  and  Inclusion)  are  evaluated  by  two  aPP™xi  ^  the  other 

to  the  first  Born  approximation  In  ^jantum 0r  the  scattering  of  electromagnetic 
analogous  to  the  Mle-Debye  with  exalt  results  for 

.«  » 

NDE,  i.e.,  flaw  Identification,  Is  discussed. 


THEORY  OF  THE  SCATTERING  OF  ULTRASOUND  BY  FLAWS 


„  ,  i  i  f  Gubernatis,  M.  Huberman,  and  E.  Domany, 

Lor "JtS*  State  Physics,  Cornell  University,  Ithaca. 
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REVIEW  or  THEORIES  OF  SCATTERING 
OF  ELASTIC  WAVES  BY  CRACKS 

Edgar  A.  Kraut 

Science  Center,  Rockwell  International 
Thousand  Oaks,  California 

ABSTRACT 

,  i,  t- he  aid  of  ultrasonics  is  an  important 

The  detection  of  cracks  with  *  “lcal  problem  of  the  scattering 

NDE  technique.  The  correspond!  g  studled  by  scientists  working 

of  elastic  waves  by  cracks  has  also  b  ^  knowledge  of  the  subject 

in  many  different  fields.  Contribut ion  applied  mathematics, 

have  come  from  such  diverse  areas  as  geophysics,  and^PPf  ^  obtained 

electrical  engineering,  and  con^U  lnterest  to  the  NDE  Community  and 
directions  for  future  research. 
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PROJECT  I,  UNIT  IV,  TASK  1 

REVIEW  OF  THEORIES  OF  SCATTERING 
OF  ELASTIC  WAVES  BY  CRACKS 

E.  A.  Kraut 

Science  Center,  Rockwell  International 


Introduction 

The  ultrasonic  detection  of  cracks  in  the  interior  of  an  elastic  solid 
by  the  use  of  surface  transducers  is  a  fundamental  NDE  problem.  The  presence 
of  cracka  may  be  detected  either  by  observing  the  back  scattered  elastic 
waves  using  the  launching  transducer  as  a  receiver  or  by  observing  obliquely 
scattered  waves  with  a  separate  receiving  transducer  located  elsewhere  on  the 
surface.  Unfortunately,  most  of  the  theoretical  work  on  the  scattering  o 
elastic  waves  from  cracks  has  been  confined  to  the  case  of  a  crack  in  an  un¬ 
bound  elastic  solid,  a  situation  far  different  from  the  experimental  one. 

Even  in  that  case,  exact  results  are  available  only  for  a  crack  occupying  a 
half  plane.  Exact  results  for  cracks  having  a  finite  surface  area,  such  as  a 
penny  shaped  crack,  are  not  available,  although  many  approximate  calculations 
have  been  published,  particularly  in  the  low  frequency  limit.  Before  delving 
into  the  mathematical  details  of  scattering  from  cracks  it  is  important  to 
recognize  that  idealized  cracks  and  real  cracks  may  differ  substantially  in 
their  behavior.  For  example,  a  cracked  specimen  may  show  different  ultrasonic 
scattering  characteristics  depending  on  whether  it  is  loaded  or  not.  Such 
differences  may  be  attributable  to  the  closing  of  cracks  under  compression 
or  the  opening  of  cracks  under  tension.  Important  as  such  considerations  are, 
they  have  received  little  attention  from  theorists.  Consequently,  until  a 
better  description  of  the  boundary  conditions  at  a  crack  becomes  available, 
the  idealized  theory  must  be  employed. 

Idealized  Description  of  Cracks 

From  the  theoretical  point  of  view,  a  crack  is  a  two  dimensional 
surface  of  finite  or  infinite  area  located  in  the  interior  of  an  elastic 
solid.  For  example,  a  penny  shaped  crack  can  be  thought  of  as  the  result 
of  removing  a  thin  disc  shaped  section  of  material  form  the  interior  o  a 
solid.  Boundary  conditions  are  now  applied  at  the  surfaces  of  the  voii 
which  has  been  created.  In  the  case  of  a  weak  crack  the  surfaces  of  the 
void  are  taken  as  free  surfaces  where  the  stress  must  vanish.  In  the  case 
of  a  rigid  crack,  the  void  is  imagined  to  be  filled  with  a  completely  rig 
material  which  pins  the  walls  of  the  crack  so  that  the  displacement  is  zero 
everywhere.  In  each  case  the  finite  thickness  of  the  disc  is  neglected  and 
both  faces  are  thought  of  as  occupying  the  same  plane.  This  approach,  while 
mathematically  convenient,  avoids  the  question  of  how  the  faces  of  the  crack 
interact  with  one  another  and  whether  the  crack  is  open  or  closed.  Typical 
examples  of  two  dimensional  cracks  are  shown  in  Figures  (1)  and  (2). 
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Figure  2 

Geometry  of  the  Scattering  Problem  for  a  crack 
occupying  a  quarter  plane 
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Segt^rlM  of  El. Stic  tonHUmJ-Cf  ^f.,pyl^  »  Half  J.jgL«. 

e  „  oc  nf  a  crack  that  are  essential  in  determining 
There  are  two  features  waves.  The  first  is  that  a  crack 

its  behavior  as  a  scat ter ero  which  the  stress  or  displacement 

represents  a  two  dimensional  surfac  ^  l8.that  cracks  have  edges  which 

(or  both)  can  be  discontinuous.  ^  s  produced  by  an  incident 

generate  diffracted  waves  ^ are  shown  in  Figure  (3)  For 

congressional  wave  striking  P  the  Wave  fronts  shown,  there  will 

the  case  of  a  weak  crack  additi  :  -  the  edge  of  the  crack  and 

also  be  a  Rayleigh  wave  propagati  g  -  Y  e  80iution  for  scattering 

confined  to  the  plane  of  the  crack.  “ldman^  in  1948.  The  corresponding 

by  a  rigid  half  plane  crack  was  81?*  >  ^hear  and  compressional  waves  by 

problem  of  the  scattering  of  tim  MaUe(2)  in  1933.  A  very  detailed 

a  weak  half  plane  was  solved  exactly  y  ^  h  and  compressional  pulses 

exact  treatment  of  the  DeHoopW  ln  1958.  The  half 

by  weak  and  rigid  half  planes  was  Present^  parallel  to  the 

plane  problem  is  particularly  P  the  remaining  problem  two 

edge  of  the  half  plane  are  decoupled,  making  ^  half  plane  problem  pro- 

dimensional.  Since  the  exact  .  appr0ximate  solutions  such  as  the 

vides  a  convenient  means  of  testing  vari  W  from  a  half  plane  can  be 

Kirchoff  approximation.  ExP*^,nen^f ponds  to  the  theoretical  problem 
modelled  as  shown  in  Figure  (  )•  flnlte  depth  beneath  the  free  surface 

of  scattering  from  a  half  p^ane  .  ,  t  the  types  of  scattered  waves  shown 
of  an  elastic  half  space.  ln  multiple  scattering,  wave- 

''hich  the  probl“ c” 

modelled  further  work  seems  worthwhile. 
of  Elastic 

in  an  Unbounded  Elastic  Medium 

Consider  the  scattering  of  “  is  a  two 

of  finite  extent  end  vanl.hins t  j1CK,nc  and  .trees  »ay  be  41s- 

tS1trtr."l"ldcnf.nde.tetPteted  elastic  veve.  satl.f,  tbe  — 

geneous  wave  equation 

/-7  x  a^u 
Cijpq  1  P  ^ 


(4.1) 


With  the  aid  of  Green's  the°ra^  S^^tcrossVil^the  displacement1  and 
can  be  expressed  in  terms  of  the  jumps  acr  direction  of  the 

stress.  Let  n±  and  n~  denote  the  «jltvect  ^  ^  j.  flnd  r  is  the+other 

normal  to  *  and  JT  is  taken  towards  S;  hence,  n± 

face.  The  positive  sense  of  ^  ana  nt 
The  jump  in  displacement  is  given  >y 

“  "  +  +  (4.2) 
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Incident  congressional  wave 

I  -  Reflected  congressional  wave 

II  *  Reflected  shear  wave 

V  ■  Diffracted  congressional  wave 
f  -  Diffracted  shear  wave 
II  -  Diffracted  conical  wave 


Figure  3 

if f racted  and  reflected  wavefronts  produced  an 
“l£t1o£r...l«.l  wav.  on  a  half  plan,  crank. 
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WEAK  CRACK 

(STRESS  FREE  BOUNDARIES^ 


COMPLETELY  RIGID  FILLER 


RIGID  CRACK 

(ZERO  DISPLACEMENT  ON  BOUNDARIES) 


Experimental  models  for  scattering 
and  diffraction  from  stresa  free  ai 
rigid  half  plane  cracks. 
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,n  the  stress  Is  given  by 
and  the  jump  in  the  + 

Tij  -  'ii 


(A.  3) 


t  n .  — 
ij  j 


where 


In  the  time 
is  given  by 


3u 

Tij  *  cijP«i 


u®  (x1,x2,x3^)  “ 


iu;  t 


Cjkpq  GiP 


(A. A) 


flr8t1terimay°er  distri- 

assumed  »»*  aVspUce«,e„t  vhlch  Ju.Pf  “r“  Greer.’.  C1J 

sfsr^ss  ^  - is  by 

for  the  clastic 


G. .(x-£.w)  = 
1J~  ~ 


,  ..  r\)  .  exp(-i'csr^ 

-  .  ,  lexp(-iksr)  expMkjT)  - - - 

l  1  _J>2—  \ - r5 - I  5 

Tup  \  aVxJ  I 


6ij 


(4.5) 


!  (x  -t,)2  +  (x2‘C2)2  +  I  ’  kp 

where  r  *  j  (*-|  M  2  i- 

X  o  •  .  .  2  = 


lx)/ Vp  » 


l  2  = 

k$  =  «/vs.  Pvp  X+2P  and  PV$  g  in  the  integrands  of 

The  unknown  stress  “^  ''‘^^““'‘boundary  conditions^  '“M  i„tesrjl2  3 

«%)  .«  determined  by  ‘ '“?£.«  of  the  CM*.  T> se  __  Mlf  pl,„e. 

““/i.<as£t^VlTis  “• kno”"' 

'Fr=tl“sT»ore  »«.»!  .M- 
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Klrchoff's  Approximation 

In  the  Kirchoff  approximation,  specific  assumptions  are  made  about 
the  jumps  in  the  stress  and  displacement  across  a  crack.  This  permits  the 
direct  evaluation  of  (A. A)  without  having  to  solve  any  integral  equations. 

We  are  interested  here  in  the  errors  introduced  by  this  approximation.  In 
Klrchoff's  original  theory;  on  the  illuminated  part  of  the  scatterer  (in  the 
sense  of  geometrical  optics)  the  wave  function  and  its  normal  derivative  are 
equal  to  their  corresponding  values  as  if  the  scatterer  were  absent,  on  the 
dark  part  of  the  scatterer  the  wave  function  and  its  normal  derivative 
vanish.  The  corresponding  assumptions  for  the  scattering  of  elastic  waves 
are  that  the  amounts  by  which  the  stress  and  displacement  jump  across  a 
crack  are  numerically  equal  to  the  corresponding  values  of  the  incident 
wave  at  the  illuminated  surface  of  the  crack.  When  this  assumption  is  made 
it  is  found^'  that  all  the  reflected  waves  are  lost  in  the  solution.  The 
critical  angle  head  wave  is  also  lost.  Only  the  incident  wave  and  the 
diffracted  waves  generated  by  the  edge  of  the  crack  are  obtained.  This 
explains  why  the  Kirchoff  assumptions  are  supposed  to  solve  diffraction  by 
a  perfectly  absorbing  scatterer  (in  optical  terms  a  black  screen) .  The 
Kirchoff  approximation  can  be  modified  in  such  a  way  that  the  correct 
reflected  waves  are  obtained, ^>4)  however,  the  critical  angle  head  waves  are 
always  lost.  One  can  think  of  the  Kirchoff  approximation  as  a  method  of 
specifying  the  physical  properties  of  a  crack  in  terms  of  the  jumps  in  dis¬ 
placement  and  stress  across  it.  If  these  jumps  are  numerically  equal  to  the 
corresponding  values  of  the  incident  wave  at  the  crack  surface,  the  crack 
is  perfectly  absorbing  or  "black".  In  general,  however,  the  theories  of 
Kirchoff  and  modifications  of  it  are  poor  substitutes  for  rigorous  diffraction 
theory  (wave  equation  plus  boundary  conditions)  because  they  do  not  correctly 
describe  the  field  in  the  vicinity  c'  the  scatterer  and  in  the  long  wavelength 
limit  because  they  entirely  fail  to  predict  the  correct  order  cf  magnitude 
of  the  field  far  from  the  scatterer.^' 

Scattering  from  a  Penny  Shaped  Crack 

The  scattering  of  elastic  waves  by  a  penny  shaped  crack  in  an  unbounded 
elastic  solid  has  been  treated  by  several  investigators. 5-15)  Some  of  the 
earliest  work  is  that  of  Filipczynski5)  (1961)  who  treated  the  problem  by 
separation  of  variables  in  an  axially  symmetric  oblate  spheroidal 
coordinate  system.  Use  of  that  coordinate  system  permits  a  simple  state¬ 
ment  of  the  boundary  conditions  on  the  surface  of  a  disc  since  a  disc  is 
one  of  the  coordinate  surfaces.  The  case  considered  by  Filipczynski-’)  is 
that  of  the  scattering  of  a  normally  incident  plane  compressional  wave  by  a 
disc  in  the  limit  in  which  the  radius  of  the  disc  is  much  shorter  than  the 
waveleng-h  of  the  incident  wave  (long  wavelength  or  Rayleigh  limit  ka  “V). 

In  this  case  the  Kirchoff  approximation  is  expected  to  be  poor.  Far  away 
from  the  disc  in  Figure  (1),  the  reflected  waves  can  be  referred  to  a  set 
of  spherical  coordinates 
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x3  =  R  cos0 

x.  -  R  sinO  sin4> 


(6.1) 


x3  -  R  sine  cos'*1 

rfhen  a  plane  congressional  wave  the  Kattw^displaJement 

;rack  In  Figure  (1),  then  axial  symm  y  P  lar  potential  •fi 

tovlng  only  one  t»pone„t  X  -  i  *»  ~ 

that. 


0  -  V  <f+  VX  (e  ^  A^  ) 

Fillpczynski ' s  expressions^  for  *  end  A,  In  the  long  wavelength,  f.r 
field  limit  are  _ikLR 

<p  .  ^  *  c°s6 


(6.2) 


*o  R 


“A  ^ 


-ikyR 


sina 


(6.3) 


(6.4) 


where 


The 

The 


angitudinal  and  transverse  wave  numbers  are 
orresponding  displacement  components  uR, 


(6.5) 

(6.6) 

k.  and  k_  respectively. 

,  and  u  to  order  R-i 
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Different  expressions  for  the  far  field  displacements  due  to  diffraction  of 
elastic  waves  by  rigid  and  weak  circular  discs  have  been  obtained  by  MAL,'  ' 
and  formulas  for  the  corresponding  scattering  cross-sections  appear  in  the 
works  of  Robertson6)  and  Filipczynski. 5)  Details  of  the  computation  of  the 
scattering  cross  section  when  plane  time  harmonic  compressional  or  shear 
waves  are  incident  on  two  or  three  dimensional  obstacles  in  an  infinite 
elastic  solid  have  been  discussed  by  several  authors. 1  Except  for 

Filipczynski' s  work,  all  the  other  cited  results  have  been  obtained  in 
cylindrical  coordinates  by  iteratively  solving  integral  equations  for 
the  scattered  field  in  the  long  wavelength  limit.  The  work  of  Robertson  > 
is  particularly  interesting.  He  assumed  that  the  scattered  field  due  to  a 
plane  compressional  wave  normally  incident  on  a  penny  shaped  crack  could  be 
modelled  by  a  harmonically  oscillating  piston  on  the  surface  of  a  semi¬ 
infinite  elastic  solid.  He  thus  replaced  the  problem  of  calculating  the 
scattered  field  from  a  disc  shaped  flaw  in  an  unbounded  elastic  medium  by 
the  problem  of  calculating  the  radiation  field  of  a  disc  shaped  transducer 
on  the  surface  of  an  elastic  half  space.  Robertson  considered  the  case  where 
a  time  harmonic  normal  stress  is  prescribed  at  the  disc  surface  and  the  dis¬ 
placements  are  zero  elsewhere  on  the  boundary.  )  He  also  treated  the  compli¬ 
mentary  case  where  the  displacement  is  prescribed  at  the  disc  surface  and 
the  stresses  are  zero  elsewhere  on  the  boundary.  In  both  of  these 

cases,  the  fact  that  stress  is  prescribed  over  one  portion  of  the  boundary 
and  the  displacement  is  prescribed  over  the  remaining  portion  leads  to 
integral  equations  which  have  only  been  solved  approximately  in  the  long 
wavelength  limit. 

There  is  another  kind  of  disc  shaped  transducer  problem  that  has  been 
solved  exactly  by  Miller  and  Pursey.21)  It  is  the  problem  of  the  field  due 
to  an  oscillating  normal  stress  applied  over  a  disc  shaped  region  on  an 
otherwise  free  surface  of  a  semi-infinite  elastic  solid.  Since  in  this  case 
the  stress  alone  is  specif if ed  on  the  boundary,  the  problem  can  be  solved 
exactly.  The  solution  obtained  by  Miller  and  Pursey21)  given  in  terms  of  the 
potentials  $(r,  z)  and  <!•  (r ,  z)  is 


<f>(r,z) 


i|.(r,z)  -  p^j^y  exp ( - v 1  z) ( kd ) JQ( kr ) dk 

^  o 

where 

v  -  v/k^-ka 
v'  -  i/k2-kj 

F(k)  -  (2K2-kg  )2-  4k2  uv  ' 


(6.10) 


(6.11) 
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and  k  ,  k  are  the  compress ional  and  shear  wave  numbers  respectively. 
The  radius^ of  the  disc  is  r  -  a  and  the  modulus  of  rigidity  of  the  solid 
is  .  The  displacement  -  u  ,  and  u^  and  the  stresses  Trz  and  Tzz  are 
related  to  the  potentiali  by 


u 

r 


u 

z 


9  0  4-  9  ^ 
9z  9r§T 


T 

rz 


(6.12) 


T 


zz 


9u 

+  2y 


The  boundary  conditions  satisfied  by  this  solution  are 


1 

0 


for  r  <  a 


for  r  >  z 


0  for  0  <  r 
0 


(6.13) 


In  the  spherical  coordinate  system  of  (6.1),  the  far  field  asymptotic  form 
of  the  solution  valid  for  large  R  and  small  a  is  given  by 


a^  cossa2  -  2sin29). 

2  R  F  (sin9) 

o 


_|a2  r  ^  9arr2n-1n2c)-Tll/2 


2  v 


sin  2  9  te2sin2  9  -1)J 

F  (  £  sine) 


(6.14) 


(6.15) 


where  the  compressional  wave  number  ka  has  been  replaced  by  unity  in 
(6.14)  and  the  new  shear  wave  number  is  giv^n  bX c  ^k<s  ’  Th®,  1£* 

function  Fo  (O  =  (2C2_C2)2  _  4  <,  2(  c  2_1)l/2(c5_c2)l/2  .  (6.16) 

The  corresponding  expressions  obtained  by  Mai  ’  ^  for  the  asymptotic 

scattered  fields  due  to  rigid  and  weak  discs  in  unbounded  elastic  solids 

are 
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-ikaX 


_  L. 

cos  6  c 

V 

- 2  F 

Pa 

i_ 

sin  _ , 

ue  ” 

9  P 
P6Z 

for  rigid  discs, and 

ik, 

e 

UR  “ 

const.  p 

P  (k  a  sine) - j£“ 


-lkBR 


p  (kg  sine) 


(6.17) 


P(k  sin  ) 


9  2  u 

(s;  -2  sin  )  7^ 


(6.18) 


le  *  con8t-  r 


ikBR 


sin  2  6 


P(kQsine) 

p _ 

sin6 


for  weak  discs. 


ID 


The  amplitude  lector  P  00  1.  obtained^  the  eppro*l.«e  "d.  In 

M^heTeEtyVt  the  ‘iZZZlion 

izirz-Z’Zuz:  r.ztvzzz,  ate *. 

Figures  5  and  6. 

Related  Diffraction  and  Scattering  Probl_ems_ 

The  diffraction  of  plane  elastic  waves  by  two  dimensional  straight 
ettlpr  rd  recks  ol  ^ ^ 

SL5J i?S.*2«£^  oi  IE.  -  SIE.*— 

ctacked  layered  conposltes^  »on-a*l»y-c  rl^  („,8ntd  by  Datta.?7> 

sional  elastic  waves  by  a  rigid  disc  nas  approach  to  acoustic  scattering 

Related  numerical  work  using  the  finite-ele-ent  approach  to  hed 

ir„  a-.*.  - '  “'^1^1^:  orr^iL  »> 

Cohen'^O)  based  o„  analytical  approximation,  to  ^““"^.rln* 

dlaca.  A  compre'...nalve  review  ol  acoustic^ 4and  elec tromapn^a^^l^e|1iorj  aod 

from  discs  and  other  smiple  shap  diffraction  of  elastic  waves 

Uel.ttf.lM>  and  .one  u.elul  ‘"f”™'1™  8h^  32)  l„  .ddltlon  to  the 

1.  contained  In  a  s;lec“d  wavas  Iron  halt-planes,  discs,  and  strips, 

problems  of  scattering  of  elastic  f  lnterest  is  a  crack  occupying 

another  two  dimensional  scattering  su  plane.  This  problem  and  the 

a  quarter  plane,  i.e.  one  quadrant  of  an  (x  y)  P^e  P  q£  paper8 

Sa£SSS2S£Sicf--A== 
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Radiation  field  of  the  diffracted  P  and  S  waves  for  incident 


P  waves. 


-k2  ■  1  yrk2  «  3 


Y''\  i  i  ;V^T^ 

k 

Amplitudes  of  P(k)  (solid  curves)  and  Q(k)  (dashed  curves). 

For  k.  ■  1.  the  amplitudes  of  P(k)  and  Q(k)  are  almost  identica 
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Conclusion 

In  a  brief  review  such  as  this  a  great  many  topics  of  current  interest 
in  elastic  wave  propagation  have  to  be  omitted.  These  include  recent 
advances  in  finite  difference  37,38)  and  finite  element  methods, 
application  of  Keller's  geometric  theory  of  diffraction4  *  to  elastic 
wave  propagation  problems,42)  first  motion  methods  in  the  scattering  of 
elastic  pulses,  4-*)  variational  methods,  )  numerical  solution  of  integral 
aquations  arising  in  scattering  problems,  applications  of  the  W.K.B.  cn. 

Born  approximations  to  elasticity,  use  of  the  Watson  transformation, 
asymptotic  expansions,  perturbation  methods,  as  well  as  long,  short  and 
intermediate  wavelength  approximations  in  general. 

Many  problems  of  interest  to  NDE  involve  scattering  from  cracks  and 
flat  bottom  holes  in  bounded  or  semi-infinite  elastic  solids  as  opposed 
to  unbounded  solids.  The  presence,  in  addition  to  a  crack,  of  one  or  more 
extra  free  surfaces  greatly  complicates  the  mathematics  of  the  scattering 
problem.  The  development  of  effective  approximate  methods  to  solve  sue’., 
problems  and  comparison  of  the  resu.  ts  obtained  with  experiment  can  con¬ 
tribute  significantly  to  progress  in  NDE. 
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ABSTRACT 


Standard  NDE  samples  of  various  metals  £^n*entional  flat 
defects  of  known  geometry  were  fabricat  •  samples  contained 

bottom  hole  samples  were  made,  but  the  and  were  fabricated 

internal  defects  of  known  Bfze.shapeand.locat  ^  ^  ^  diffusion 
by  a  diffusion  bonding  technique.  h  bonding  conditions 

r  s*  *  ™- 

bonding. 
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Objectives 

The  following  objectives  were  established  for  this  task  at  the  initia 
tion  of  the  program. 


To  fabricate  a  set  of  standard  NT>E  samples  containing  defects  of 
known  size,  shape  and  location,  the  metals  and  alloys  used  for 
sample  preparation  to  be  structural  engineering  materials.  Dif¬ 
fusion  bonding  to  be  used  to  fabricate  internal  defects  in  suitable 
materials  such  as  titanium  alloys. 


2.  To  develop  methods  of  preparing  standard  NDE  samples  from  metals 
such  as  steels  and  aluminum  alloys  which  cannot  currently  e 
diffusion  bonded  by  accepted  techniques. 


Background  and  Introduction 

In  a  previous  effort (1)  techniques  were  developed  for  introducing  internal 
defects  -either  voids  or  inclusions-  into  bulk  samples  of  titanium  alloys  by 
diffusion  bonding.  In  order  to  avoid  changing  the  shape  and  vol«  “ 
internal  defect  it  is  important  to  keep  the  bulk  strains  low.  and  consequen  y 
the  pressure  used  in  the  diffusion  bonding  process  must  also  be  low.  This 
can  be  successfully  accomplished  only  by  careful  attention  to  surface  prepara¬ 
tion,  but  techniques  for  achieving  the  desired  results  have  already  been 
developed (1) .  A  typical  example  of  the  types  of  defect  which  can  be  produced 
is  shown  in  Fig.  1.  These  techniques  have  been  further  developed  for  Ti  alloys 
under  the  present  program  and  also  extend  to  certain  steels. 

Sample  Preparation  Methods 

Methods  used  for  preparing  standard  samples  for  ultrasonic  non-destruc¬ 
tive  testing  depended  on  the  type  of  defect  desired  and  the  alloy.  Four  types 
of  defects  have  been  made  so  far,  and  these  are  illustrated  in  Figure  2. 

The  defects  are  characterized  as  to  their  geometry;  Type  1  being  a 
flat-bottomed-hole,  Type  2  a  sphere.  Type  3  an  oblate  spheroid  and  Type  4 
a  prolate  spheroid.  The  flat-bottom-hole  was  made  by  conventional  machining 
techniques,  and  the  accuracy  with  which  a  flat  bottom  was  obtained  in 
different  materials  was  checked  by  sectioning  trial  samples.  These  results 
are  shown  in  Fig.  3  and  demonstrate  that  an  acceptable  flat  geometry  was 

obtained . 
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f  internal  defect  geometries  made  by  dltri 
section  of  a  hemispheroid  defect  m 

ire  surface  of  a  tensile  specimen  con“J;n^ 

008  inch  (200  urn)  dia  hemispheres  with  a 
[C)  Same  as  (b)  a:  a  higher  magnification 
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FLAT  bottom  HOLE 
TYPE  1  DEFECT 
in.  800,  1200  V*  01 A 


SPHERICAL  v>HV 
TYPE  2  DEFECT 
400,  800,  1200 t 


PROLATE  SPHEROID 
TYPE  4  DEFECT 
1600  vi  HIGH 
400,  800  u  01 A 


OBLATE  SPHEROID 
TYPE  3  DEFECT 
ROOu  OIA. 
200,  400  vi  NIGH 


produced  during  the  program 


•U  r. 

*/«*»♦ 


Science  Center 

Rockwell  International 


FLAT  BOTTOM  HOLES 


2024A1  (b)  T1-6A1-AV 


Flat  bottom  holes  800  in  diameter 
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Ml  o£  the  other  defect.  mad.  were  S3lS" 

not  be  produced  by  conventional  mat  «  «!!  le  [he  introduction  of 

technique  was  therefore  developed  “ultJ  p„9.„t  methods  only  titanium 

internal  defects  °V“!l££tt5uJ  Slfu.ion  bonded.  With  titanlu.  alloys, 
and  its  alloys  ran  be  satisfa  JV  surface  preparation,  goes  into 

the  oxide,  which  is  always  forme  Qnding  cycle.  This  yields  an  oxide 

solution  during  the  high  ““P^^^^fmluishable  from  the  parent  metal 
free,  high  quality,  bond  hl*allyi8  In  addition,  failure  o£  ^ensil 

both  ultrasonically  and  metallographic^  y  Thus  high  quality  NDE 

tested  samples  did  not  occur  in  .nrprnal  defects.  Unfortunately,  thi- 
samples  can  be  produced  “"“‘"‘^‘“T^  st.el  alloys  because  of  the 
process  cannot  presently  P  lnc]usions  at  the  bond  line.  Tha.s 

difficulty  encountered  with  ox  -  dissolve  their  oxides,  in 

results  fro.  the  inability  °  .  Effo«.“re  belnp  made  to  find  a 

contrast  to  the  situation  »“h  „„  bondl„8  of  hi  and  steel  alloys 

solution  to  this  problem,  and  a  section 
included  at  the  end  of  this  report. 

One  further  lmPortant  ^^^^a^geometryt^nd  tha/is  the  bonding 
internal  defects  of  controlled  size  a^d  macroscopi(.  speclmen  strain, 

pressures  must  be  low  in  ord  hp  desired  defect  geometry.  In  practice, 

and  in  turn,  prevent  changes  to  IX.  This  requirement  for  low  bondi  g 

the  macroscopic  strain  was  li  ments  0n  the  surface  roughness  of  the 

pressures  enforces  stringent  q  fabriCation  of.tuch  samples  is  that 

faces  to  be  bonded.  A  requir  f  t  such  as  voids,  apart  from  those  in- 

^i^r^r^‘:h:;c*^i89co„diriona. 

.  Paton(2>  on  the  theory  of  diffusion  bonding 
Recent  work  by  Garmong  and  Pa£°n  bonding  time  and  pressure  for 

provides  a  method  of  calculating  of  the  constitutive  behavior  of  the 
a  void-free  bond,  from  a  °  hat  tw0  features  of  the  surfaces  to  be 

material  to  be  bonded.  They  show  olllng  the  time  and  pressure  for  a 
bonded  are  important  factors  in  overall  surface  flatness  (or  long 

satisfactory  bond.  They  are  fir  ,  fine  scale  surface  roughness  (or 

wavelength  asperity  height)  and these  two,  the  first  was  found  to  be 
short  wavelength  asperity  he^t)  •  Of  h  tlmes  and  low  pressures  can  most 
the  most  important  factor.  Thus,  f°Tt  not  necessarily  mirror  finish. 

diffusion  bonding. 

—i*  of  titanium  T1-6A1-4V  was  eucceaafuUy 
lapping  the  surfaces  to  be  bon  ld_free  bonds  whereas  conventional 

bands.  This  procedure  yielding  bonds  with  a  high 

ZfiZZ  ffl^P^ar^^at^es  employed. 
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A  typical  sample  after  beading  1.  >b°™  < .« 
sample  halves  and  locating  ring  The  lack  of  a  mirror  finish 

on°the^ lapped  «*>  -  ^ 

The  specific  c“ri‘tJ?'"1“*J0^tar»lth’d«u3«'C*P«  clean.ng 
bonding  are  listed  in  Table  II,  | _  dlffuslon  bonding.  The  precise 

procedure  and  the  parameters  chemistry  and  microstructur  , 

bonding  conditions  employeddependonth  *  d  by  simply  reproduc- 

and  satisfactory  results  cannot  necessarily 
ine  the  conditinns  quoted  here 


Surface  Preparation 


TABLE  I 

and  Diffusion  Bonding  Procedures 


Lapping 


■face  ground  and  lapped  to  04 
,4-h  flat  to  within  four  optical 


Cleaning 


Diffusion  Bonding 


1,  Wash  in  alcohol 

2.  Rinse  in  distilled  water 


3. 


4. 


5. 


6. 


1. 


trasonic  clean  in  detergent 
nse  in  distilled  water 


Dry  dust  free 

Heat  in  vacuum  of  better 
to  specified  temperature 

see  Table  III. 


than  10  torr 
(900  or  926°C)- 


2.  Load  to  500  psi  for  30  mins. 

3.  Cool  in  vacuum 


Material  Specifications 

Samples  were  made  from 
T1-6A1-4V,  and  A533B  steel, 
in  Table  III. 


2024  Al,  1100  Al, 

The  compositions 


Commercial  Purity  Ti, 
of  these  alloys  are  shown 
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TABLE  U 

Alloy  Compositions 


2024  A1  Al  -  4.5Z  Cu 

1100  A1  99.0%  Al 


75A  Ti 


99.0%  Ti 


T1-6A1-4V  Ti  -  6.32%  Al 

(Heat  #D4781) 

T1-6A1-4V  Ti  -  6.30%  Al 

(Heat  #D4705B) 


1.5%  Mg  -  0.6%  Mu 


-  4.15%V  -  0.15%  02 

-  4 . 09%V  -  0.17%  02 


0.16%  Fe* 


0.14%  Fe* 


A533B  Steel  Fe  -  0.25%C  -  1.3%  Mn 
*  Actual  chemical  analyses 


0.5%  Mo  -  0.5%  Ni 


Since  most  of  the  diffusion  bonded  s^ples  ^^^^^^ftefized. 
micros true ture  and  texture  of  this. after  a  heat  treatment 
microstructures  of  the  two  bonding  are  shown  in  Fig.  • 

le  duplicating  that  used  microstructure  with  a  grain  size  o 

:°t.Ph“et^:icrlgraphs  the  hexagonal  a  phase  appears  li. 

the  bcc  ,  phase  appears  dark  by  standard 

The  crystallographic  texture  of  he. «  (1Ol0)  pole  figures  showed 

ray  method  and  the  results  of  the  (00^  ^  2  x  random  in  either  case, 
at  the  texture  was  no  more  than  texture,  and  therefore  was  not 

is  is  considered  to  be  a  W  t  acoustic  MDl  experiments, 

msidered  a  problem  in  any  of  **  »>*  Jcts  of  texture,  a  reference  mark 
l  a  further  attempt  to  minimize  t  stock  before  cutting  into 

is  placed  on  the  side  of  both  hea  f  and  bottom  were  then  reassemble 

^“.Lther  prior  to  diffusion  bonding- 


pie  Inventory 

Samples  having  three  different  external  ^'ir^nt. . 

ing  the  course  of  this  P”8«m;  ' 1gP  n^res  6  and  7  are  the  2V’ 

°£  “8Ul‘r 
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Microstructures  or  tne  two  i 
for  4  inch  diameter  samples 
diameter  samples. 
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I.D.  OF  RING 
WITHIN  .001"  TIR 


NOE  DEFECT  SAMPLE  ASSEMBLY 

FINISHED  DIMENSIONS  2.250  £  .002  in  DIA 

2.250"  HIGH 

MATERIAL  T1-8A1-4V  HEAT  #  D4781  (TIMET) 

Fig.  6  Saapl'  assembly  for  2h  Inch  diameter  spc.lmen. 
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CENTERS  MUST  BE 
CONCENTRIC  WITH  I.D. 

OF  RING  WITHIN  .001"  T.I.R 

CODE  #  WITH  "A"  PREFIX 


EXISTING  TITANIUM 
RING  .230"  HIGH 
FIT  WITH  MIN. 

CLEARANCE  (.0005"  MAX.) 


DEFECT  TO  BE 
MACHINED  LATER 
BAR  IS  GROOVED  TO 
WITHIN  1.150  of  L 


CODE  i»  WITH  "B"  PREFIX 
USE  VIGRA  TOOL 


CUT  SAMPLES  FROM 
2-1/2"  01 A  BAR  IN 
CONSECUTIVE  '’AIRS 
WITH  DEFECT  SURFACES 
FACING  EACH  OTHER 


NOE  DEFECT  SAMPLE  ASSEMBLY 
FINISHED  DIMENSIONS  2.250  ±  .002  in  DIA 
3-11/16  in  HIGH 

MATERIAL  -  Ti -6A1 -4V  HEAT  H  D4781  (TIMET) 

assembly  for  long  2l«  nch  diameter  specimen  intended  to  be 
oH  rn  a  snherlcal  ceometry  centered  on  the  defect. 
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depei  dcnce  of  scattering  from  spheroidal  defects.  Fig.  8  shows  the  larger 
diameter  (4  inch)  samples  made  later  in  the  program.  An  inventory,  of  all 
samples  made  during  the  course  of  the  program  is  given  in  Table  III.  This 
table  includes  information  on  flat-bottom-hole  samples  as  well  as  the 
external  dimensions,  serial  camber,  sample  code  number,  heat  treatment  and 
date  delivered.  Details  of  the  sample  code  number,  which  permits  identifi¬ 
cation  of  the  alloy  and  defect  geometry,  are  given  at  the  end  of  the  Tabie 
III. 


Diffusion  Bonding  of  Steel  and  A1  Alloys 


Standard  test  blocks  containing  internal  defects  are  most  easily 
produced  by  the  diffusion  bonding  methods  described.  In  the  case  of 
titanium,  this  method  works  well,  because  the  thin  oxide  which  forms  on 
the  surface  dissolves  readily  in  the  metal  at  the  temperatures  used  for 
bonding,  gi'  ing  rise  to  a  clean  oxide-free  bond  plane.  Mechanical 
failure  in  a  tensile  test  does  not  occur  in  the  bond  line,  and  the  bond 
plane  is  metallographically  indistinguishable  from  the  parent  metal. 


Other  metals,  such  as  steel  and  aluminum  alloys,  are  not  so  readily 
bonded  however,  since  the  oxides  which  form  on  them  in  air  (of  the  order 
of  100  X  thick)  do  not  dissolve  into  the  metal  during  bonding.  This  is 
on  account  of  the  limited  solid  solubility  of  oxygen  in  these  metals  - 
a  few  hundred  ppm  at  most,  as  compared  to  ^  30  atom  percent  in  titanium. 
The  resulting  planar  array  of  oxide  particles  almost  invariably  gives 
rise  to  premature  failure  at  the  bond  plane  in  a  tensile  test. 


A  method  of  successfully  diffusion  bonding  these  metals  is  therefore 
needed.  A  solution  to  this  problem  is  particularly  difficult  in  the  present 
case,  where  only  1  to  2%  strain  is  permitted  during  bonding  in  order  to 
preserve  the  desi  -ed  defect  geometry.  An  attempt  was  made  to  bond  these 
materials  by  removing  the  surface  oxide,  before  bringing  the  surfaces  into 
contact  and  applying  pressure.  In  the  case  of  steels,  this  was  accomplished 
by  flushing  the  vacuum  system  with  H2  gas  at  atmospheric  pressure  for  a 
period  of  time,  evacuating  the  system,  and  then  applying  pressure.  This 
procedure  proved  entirely  successful  on  an  A533B  pressure  vessel  steel 
with  the  H.  flush  and  bonding  operation  being  carried  out  at  1000JC 
and  a  bond  pressure  of  5000  psi  for  30  mins.  A  micrograph  of  the 
resulting  diftvSion  bond  is  shown  in  Fig.  9  which  a  tensile  specimen 
containing  a  bold  produced  by  this  method  is  pictured  in  Fig.  10,  with  a 
pencil  indicating  the  bond  line  away  from  the  fracture. 


Hydrogen  gas  will  not  reduce  oxides  of  A1  or  Cr ,  thus  Al  alloys  and 
stainless  steels  cannot  be  bonded  in  the  manner  described  above,  and 
attempts  are  being  made  to  use  Ar  sputtering  to  clean  the  surfaces  of 
these  metals  prior  to  bonding.  It  is  anticipated  that  such  r  '•hods  will 
work  on  these  alloys,  but  at  a  considerav'  '  cost  in  experimental  complexity. 
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TABLE  III 


Sample  Inventory 


NDE  SAMPLES 

DELIVERED 

OCTOBER  1, 

1974  TO  JULY 

10,  1975 

Serial  No. 

* 

Code 

Height 

Diameter 

Date 

Heat  Treatment 

(in.) 

(in.) 

(Heat  No.) 

1 

0-0-64 

1 

2k 

10/1/74 

None  (D4781) 

2 

0-0-64 

1 

10/1/74 

None  (D4781) 

3 

0-0- T 

1 

ik 

10/1/74 

None  (D4781) 

4 

0-0- T 

1 

2k 

10/1/74 

None  (D4781) 

5 

0-0-24 

l 

2k 

10/1/74 

None  (D4781) 

6 

0-0-24 

1 

2k 

10/1/74 

None  (D4781) 

7 

O-O-A 

i 

2k 

10/1/74 

None  (D4781) 

8 

0-0- A 

1 

2k 

10/1/74 

None  (D4781) 

10 

1-12-T 

2 

2k 

10/1/74 

None 

11 

1-12-24 

2 

2k 

10/1/74 

None 

12 

2-4-64 

2 

2k 

10/1/74 

DB,1700°F  (D4781) 

13 

2-8-64 

2 

2k 

10/1/74 

DB,1700°F  (D4781) 

14 

2-12-64 

2 

2k 

10/1/74 

DB,1700°F  (D4781) 

15 

1-8-64 

2 

2k 

10/8/74 

DB,1700°F  (D4781) 

16 

1-8-64 

2 

2k 

10/8/74 

DB,1700°F  (D4781) 

17 

1-8-T 

2 

2k 

10/8/74 

None 

18 

1-8-T 

2 

2k 

10/8/74 

None 

19 

1-8-24 

2 

2k 

10/8/74 

None 

20 

1-8-24 

2 

2k 

10/8/74 

None 

21 

1-8-A 

2 

2k 

10/8/74 

None 

22 

1-8-A 

2 

2k 

10/8/74 

None 

23 

1-4-24 

2 

2k 

10/8/74 

None 

24 

1-8-24 

2 

4 

10/ i.d/74 

None 

25 

1-12-24 

2 

4 

10/18/74 

None 

26 

1-24-24 

2 

4 

10/18/74 

None 

27 

1-32-24 

2 

4 

10/18/74 

None 

28 

0-0-64 

2 

2k 

1/15/75 

None  (D4781) 

29 

0-0-64 

2 

2k 

1/15/75 

None  (D4781) 

30 

2-8-64 

2 

2k 

1/15/75 

DB,  1700°F  (D4781) 
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TABLE  III  (Continued) 


43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 


Serial  No. 

* 

Code 

Knight 

(in.) 

Diameter 

(in.) 

Date 

31 

1-4-T 

1*5 

2*4 

2/18/75 

32 

1-4-64 

1*5 

2*4 

2/18/75 

33 

2-4-64 

2*4 

2*4 

3/3/75 

34 

2-8-64 

2*4 

2*4 

3/3/75 

35 

B-2-4-64 

3  11/16 

2*4 

3/7/75 

36 

B-2-8-64 

3  11/16 

2*4 

3/7/75 

37 

B-2-12-64 

3  11/16 

2*4 

3/7/75 

38 

B- 3-2-64 

3  11/16 

2*4 

3/24/75 

39 

B- 3-4-64 

3  11/16 

2*4 

3/24/75 

40 

B-4-4-64 

3  11/16 

2*4 

3/27/75 

41 

B-4-8-64 

3  11/16 

2*4 

3/28/75 

42 

0-0-64 

6 

2*4 

4/28/75 

0-0-64 

0-4-64 

1-8-64 

1- 12-64 

2- 4-64 
2-8-64 

2- 12-64 

3- 12-64 

3- 4-64 

4- 4-64 
4-8-64 
2-8-64 


1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 


4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 


4/28/75 

4/28/75 

4/28/75 

4/28/75 

6/20/75 

6/20/75 

6/30/75 

7/7/75 

7/8/75 

7/9/75 

7/10/75 

7/10/75 


Heat  Treatment 
(Heat  No.) 

None 

None  (D4781) 

DB,  1700°F  (D4781) 

DB,  1700°F  (D4781) 

DB,  1700°F  (D4781) 

DB,  1700°F  (D4781) 

DB,  1700°F  (D4781) 

* 

DB,  1700°F  (D4781) 

DB,  1700°F  (D4781) 

DB,  1700°F  (D4781) 

DB,  1700°F  (D4781) 
1700°F,  30  min.  (D4781) 

1/00°F,  30  min.  (D4781) 
1700°F,  30  min.  (D4705B) 
1700°F,  30  min.  (D4705B) 
1700°F,  30  min.  (D4705B) 
DB1650°F  (D4705B) 
DB1650°F  (D4705B) 
DB1650°F  (D4705B) 
DB1650°F  (D4705B) 
DB1650°F  (D4705B) 
DB1650°F  (D4705B) 
DB1650°F  (D4705B) 
DB1650°F  (D4705B) 


*Sample  code  describes 

Defect  Type 
0  -  No  defect 

1  -  Flat  Bottom  Hole 

2  -  Spherical  Cavity 

3  -  Oblate  Spheroid 

4  -  Prolate  Spheroid 
B  -  Defect  displaced 


defect  type,  size  and  material  as 

N 

Defect  Size 
jim  x  100 


from  mirror  plane 


follows : 

T 

^  Material 
T  -  CP  Titanium 
64  -  T1-6A1-4V 
A  -  1100  A1 
24  -  2024  A1 


^  JnV  I 
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Fig.  9 


.  aS333  steel  produced  by  reducing  the  surface 

»°"d  line  Urrowed)  tn  «3  bonJlng  at  500  psl  for  30  .!«• 

..i  J#.  4m  N 


179 


Science  Center 

Rockwell  International 


Failed 
in  the 


tensile 
Fig.  1 


test  specimen 
caption  at  the 


.  bona  lino  nn.aooed 

L„„  indicated  by  the  pencil. 
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PROJECT  II,  UNIT  I)  TASK  1 

ultrasonic  wave  interaction  with  interfaces 

G  A.  Alers  and  L.  J*  Graham 
saJ;  Center ,  Bochvell  International 


6etueer.  identical 

EHrarferet^  ^r  Si^air  interlace. 

It  can  be  concluded  that.  1rlterface  form  a 

rjcrr;^r.eVcrtfe  •«-«- — «- 

the  — — oi  me  —  str  hi 

amplitude  of  the  ultraeonic  -e  reflecte^^^  ^  layer  and 

is  determined  by  the  degree 

surroundings.  +n  be  independent 

(3)  The  atrengt^the  »££££££? 0f°tM  W  H">'- 
of  the  ultrasonic  re  formed  bonds  was 

(*>  The  ultrasonic  reflection  (*  “  »*U>. 

largely  frequency  independent  over  t  this  frequency  dependen 

The  mathematical  mode JVthe  observed  frequency  independent  data 

0„„ld  not  be  -da  to  fit  „„  caused  by  »n 

(5)  Either  the  observed  '^“.^  specidens  or  the  direct 

artifact  at  the  interface  that  va. ,  co»on  to  ^  bona  doea  not  contain 

back  reflection  of  mechanical  strength  of  the  bon  • 

adequate  information  to  predict  t 

Tntroductio_n  adherend  (usually 

The  structure  of  the^ary^etween 

mechanical  «  »“ f  ~ve^ 
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Table  I. 


Mechanical  strengths  and  ultrasonic  reflection  coefficients 
(relative  to  an  air  interface)  observed  for  adhesive  bonds 
formed  in  different  ways  between  Lucite  blocks. 


CHARACTERISTIC 

MEAN 

ULTRASONIC 

BOND  STRENGTH 

REFLECTION 

bonding  method 

kg/cm2 

STRENGTH 

dB 

CHEMICAL: 

60%  METHYLENE  CHLORIDE 
h0%  ETHYLENE  DICHLORIDE 

REGION  A 

36U  +  36 

-10.5 
-l4. 5 

c 

383  +  39 

B 

1*09  ±  24 

-25.0 

ACRYLIC  ADHESIVE  PS-30 

94  +  16 

-12.5 

THERMAL: 

120°C ,  15  MIN. 

130°C,  15  MIN. 
ll»0°C,  15  MIN. 
l60°C,  15  MIN. 

0-10 

n 

76+7 

69  i  9 

000000 
•  ••••• 

CO  OO  CO  CO  OO  00 

J  J  J  J  J  J 

1  1  1  1  1  1 

190°C,  15  MIN. 

200°C,  15  MIN. 

310  +  50 

1*08  +  30 
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of  the  boundary  make  the  experimental  study  of  this  interaction  very 
difficult.  These  are:  (l)  the  bond  line  or  interface  is  very  thin  compar¬ 
ed  to  the  rave  length  so  that  distinctive  features  must  be  looked  for  in 
the  long  wave  length  limit  of  any  mathematical  model,  and  (2)  the  .nter- 
facial  structure  of  interest  usually  separates  two  media  of  quite  different 
acoustic  impedance  so  that  the  observations  of  the  ultrasonic  interaction 
will  be  dominated  by  a  large  impedance  mismatch  and  the  interface  effects 
will  appear  only  as  a  small  perturbation. 

The  objective  of  the  experiments  described  in  this  report  was  to 
avoid  the  complications  caused  by  the  second  difficulty  by  making  measure¬ 
ments  on  a  chemically-formed  bond  line  between  two  media  of  identical 
acoustic  impedance.  In  this  way,  the  interaction  of  an  ultrasonic  wave 
with  a  very  thin  bond  plane  could  be  studied  all  by  itself.  The  resulting 
alia  could^ then  b.  us.l  to  astabllsh  a  ...th.m.tlc.l  .odel  for  the  ihterf.ee 
that  could  be  applied  either  to  more  general  models  of  interfaces  between 
media  of  different  acoustic  impedance  or  to  suggest  unusual  ultrasonic 
techniques  that  would  enchanoe  special  characteristics  of  the  interface. 


Possible  Interface  Models 

It  is  valuable  to  consider  the  predictions  of  various  possible  models 
for  the  interaction  of  a  sound  wave  with  a  thin  layer  separating  two 
identical  media  in  order  to  expose  qualitative  features  to  be  looked  for 
in  the  data. 

The  most  common  model  describes  the  interface  as  a  planar  region  of 
different  acoustic  impedance  with  a  discontinuity  of  impedance  at  ts 
boundaries.  In  this  case  the  reflected  amplitude  is  a  Periodic  function 
of  frequency  with  a  first  maximum  at  the  frequency  where  the  thickness 
equals  one  quarter  of  the  wavelength  in  the  layer.  Figure  1  (top;  shows  this 
periodic  function  and  the  impedance  versus  distance  curve  that  generated  it. 

If  the  boundaries  of  the  layer  are  not  discontinuities  in  impedance, 
but  are  characterized  by  a  gradual  change  in  impedance  spread  over  a  finite 
distance,  the  reflection  amplitude' versus  frequency  curve  , s  modified 
as  shown  in  the  example  given  in  the  middle  diagram  in  Fig.  1.  The  zero 
in  the  periodic  function  has  teen  moved  to  higher  frequency  and  the  maximum 
reflection  has  became  spread  over  a  broad  frequency  range. 

The  third  model  for  describing  a  thin  interface  goes  to  the  extreme 
of  thinness  by  treating  the  bond  plane  as  a  region  of  infinitesimal  w  dt 
across  which  special  boundary  conditions  apply.  Tb- se  boundary  conditions 
are  that  the  stress  is  continuous  across  the  boundary  while  ^displacement 
undergoes  a  discontinuous  Jump  whose  magnitude  is  proportional 
that  is , 


=  o. 


(1) 


u2  =  U1  +  klCl 


(2) 


* 
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SHARP  LAYER 


DIFFUSE  LAYER 


Schematic  diagrams  of  the  frequency  dependence  of  the  reflected  amplitude 
of  ultrasonic  waves  reflected  from  the  various  impedance  versus  distance 
functions  shown  on  the  right. 
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As  a  consequence  of  these  boundary  conditions,  Tattersall  t  and  also 
Thompson^,  have  derived  the  frequency  dependence  for  the  reflection 
coefficient  sketched  at  the  bottom  of  Fig.  1. 

The  primary  objective  of  the  measurements  on  thin  bonds  between  identical 
materials  is  to  determine  which  of  the  qualitatively  different  shaped  reflec 
tion  coefficient  curves  shown  in  Fig.  1  describes  the  experimental  data. 


Fabrication  Of  Bond  Planes 

In  order  to  fabricate  ultrasonic  specimens  containing  a  chemical  bond 
across  a  planar  interface  separating  two  media  of  identical  acoustic 
impedance,  two  techniques  were  employed.  Both  of  them  utilized  clear  plastic 
blocks  for  the  two  media  and  formed  the  bond  by  either  painting  a  chemical 
solvent  on  the  two  surfaces  Just  before  Joining  or  by  mechanically  pressing 
the  surfaces  together  in  a  vacuum  at  elevated  temperature.  The  former 
method,  called  the  chemical  method,  dissolves  and  softens  a  thin  iayer  on 
the  surface  of  each  block  with  a  solvent  so  that  when  the  blocks  are 
pressed  together  at  room  temperature  the  molecules  on  each  side  of  the 
interface  can  interact  and  cross-link  in  a  localized,  semi-liquid  region. 

As  the  solvent  diffuses  into  the  bulk  of  each  block,  the  interface  region 
subsequently  "solidifies"  into  a  rigid  Joint  whose  thickness  and  mechanical 
strength  are  determined  by  the  amount  of  solvent  used  and  the  time  allowed 
for  diffusion  to  take  place.  The  thermal  Joints  were  formed  by  heating  the 
two  blocks  to  a  temperature  above  their  glass  transition  temperature  at  a 
fixed  amount  of  pressure  and  time ,  Joints  of  different  strengths  can  be  a 
achieved1.  Table  II  describes  these  two  methods  in  detail. 

After  the  bonds  were  formed  and  all  of  the  ultrasonic  tests  had  been 
completed,  the  specimens  were  sliced  into  1/8"  thick  slabs  with  the  bond 
plane  running  across  the  center  of  each  slab.  The  two  outermost  slabs  were 
used  for  optical  examination  of  the  bond  plane  under  a  microscope  equipped 
with  crossed  polarizers.  The  four  innermost  slabs  were  machined  into  flat 
tensile  specimens  with  a  3.2  mm  x  ^.8  mu  cross-section  and  a  12.5  mm  gage 
length.  These  tensile  specimens  were  pulled  to  failure  in  an  Instron 
testing  machine  and  the  stress  for  fracture  at  the  bond  plane  was  measured. 

In  all  but  two  case>  ,  the  failure  occurred  at  the  bond  planes  and  the 
failure  stresses  were  lower  than  those  which  are  characteristic  of  the 
virgin  material.  Figure  2  displays  the  observed  fracture  strengths  as  a 
function  of  the  temperature  at  which  the  thermal  bond  was  formed.  Obviously, 
the  technique  yielded  a  set  of  specimens  containing  bond  planes  of  different 
mechanical  strengths. 


fabrication  procedures  used  to  form 
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Ultrasonic  Technique 

Two  different  ultrasonic  techniques  were  employed  to  measure  the 
frequency  dependence  of  the  amplitude  and  the  phaae  of  ultrasonic  pulse 
•  i  directlv  backward  from  the  bond  plane  in  the  plastic 

Xfe  "S  ':  t3  technique  used  a  Matec  Model  5100  gated  amplifier 

t ^generate  long  R.  F.  hursts  of  veil  defined  frequency  to  he  applied  to 
the  sample  through  narrow  band  transducers  (Panametrica  *  Series)  at  2^5, 

5  0  and  10.0  MHz.  These  same  transducers  detected  the  reflect  8 
wh  eh^as  displayed  on  an  oscilloscope  after  passing  through  a  calibrated 
attenuator  and  a  Matec  Model  615  tuneable  receiver.  The  less  precise,  bu 
more  versatile  technique  employed  a  commercial  ultrasonic  NDT  ^nst]™n£ 

( Wrscope)  to  apply  a  very  short,  high  voltage  ^ 

band  transducer  (Panametrics  V  Series)  so  that  a  short  Ration  RF  bur  t, 

in  different  frequency  components  was  generated  in  the  sample.  The 
rich  in  different  frequency  cop  reflection  from,  the  bond  plane  and  generated 
same  transducer  also  detect _d  the  renecx,  ,  ^  .  nmnlifier 

an  electricl  signal  which  passed  through  an  attenuator  and  broad  band  amplll 
“  the  instrument  to  be  displayed  as  an  R.F.  tone  burst  on  an  external 
^innomDe  In  both  techniques,  the  attenuator  was  adjusted  to  give  the 
s^"la^n  «e  oscilloscope  ihen  the  signal  was  reflected  from^planar 
Til  net i c  tn-air  interface  or  from  the  bonded  interface.  It  wa 

C  ^.t  L  plastic-to-air  interface  be  at  the  same distance  from 

the  transduc-r  as  the  adhesive  interface.  For  all  the  data  given  in  this 
report,  the  strength  of  the  reflection  fro.  a  given  adhesive  bond  line »as 
measured  in  dB  relative  to  the  reflection  from  the  air-to-plastic  interf 
as  read  from  the  difference  in  attenuator  settings  needed  to  P™duce  the ^ 
same  signal  on  the  oscilloscope  when  the  bonded  interface  was  s 
for  the  plastic-to-air  interface. 

For  obtaining  the  frequency  dependence  of  the  amplitude  and  phase  of 
the  reflected  si^al,  the  short  time  duration  R.F.  tone  burst  generated  by 
the  Immerscope  system  and  reflected  from  an  interface  were  put  into  dig 
form  by  a  Biomation  Model  8100  Transient  Recorder.  ™  h 

Fourier  analyzed  by  a  Data  General  Eclipse  computer  which  generated  a  graph 
valufof  the  real  (amplitude)  or  imaginary  (phase)  parts  of  the 
Fourier  transform  as  a  function  of  frequency  over  an  C^tine  ^ 

to  the  band  pass  characteristic  of  the  transducer  used. 

that  the  Fourier  transform  of  the  data  fro.  a  "Electronic 

defines  the  frequency  response  characteristic  of  the  transduce  . 

the  data  fr«  a  bonded  interface  was  nomadized  by  tahing the  ™tio 
r,f  the  amnlitude  reflected  from  the  bond  interface  to  that  reflected  fr 
the Tir“nter?ace  at  each  frequency.  Since  the  attenuator  settings  were 

usiallv  different  for  these  two  reflections,  a  value  of  unity  for  the  ampli- 
ds\  aJ.xy  -fu^a  h*? ‘f'pp'rence  in  attenuator  settings, 

tude  ratio  actually  corresponds  to  the  difference  m 

Bv  taking  the  difference  in  the  imaginary  parts  of  the  Fourier  transform 
for  t£  b^dUerface  and  the  air  interface  the  phase  shift  upon  reflection 
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tihase  difference 

ifference  in  ^iv  since  thiB  Lime  difference  useful  only  in 

rom  the  bond  t  accuracy,  the  phase  ^lft  ncy  within  the 

ndependently  to  s  .  fs  a  non_iinear  function  ,  at  "obtaining 

ases  where  the  S  „e  effort  -  cross- 

>and  pass  of  th  oj_pc,tlv  comparing  the  relati  P  .  face  and  from 

>hase  shift  data  *  ddre^a Reflected  from  the  air  interface^  ^  ^ 

theSbondhiine,  ^t^h^e^abim/tc,'>defS  the  time  Jj^^^ihift 

“  interf  ac^is^orrect"  to  vithin  an  arbitrary 

linear  "^methods  of  generating  reflection  -efficient^ 

data^tv^interfacea  having^knovn^properties^vere^fabr^^^  phat^produced 

H  S  sgSgS-Sr  ^ 

Fourier  analysis  The  thickness  of  the  w  .  th  frequency  band 

-**-  in  the  Bi 

pass  of  the  transducer  use  .  reflections  from 

der  to  test  the  apparatus  from  mea®^in®£“  atras0nic  signal 
In  order  to  ues  fixed  frequencies,  the  .  tad  between 

a  very  thin  layer  at  a  set  of  thick  lirer  was 

reflected  from  a  piece  of  duuu  s  lkess  of  the  thin  gold  iaj 

as  a  function  of  frequency.  ing  frequency,  bince  ,  t  was 

efficient  that  increases  wi^c*te  Sown,  the  reflection  coefficien  data. 

impedance  of  both  payer  thickness  chosen  to  best  m 

calculated  from  Eqn.  UJ  solid  lire  curve  in  Fig. 

This  theoretical  thickness  with  the  actual  thickness. 

Angstroms  in  satisfactory  agre 
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A.  Chsmicallij2H!S4J2I!4  fabrication,  some  large 

As  described 

Slabs  of  1/2-inch  thick  th,  interface.  The  ultr“°"  so  three  regions 

Chloride  mixtures  P  a°  bonded  slabs  differed  seme  coefficient 

different  regions  of  these^^  of  tvo  extreme  of  refle^  B>  ^ 

were  marked  out  acF  coefficient.  These  r  g  TI  (all  relative 

and  the  average  refla^  „dhesive  Joint  labeled  D  l"  ™1  strength  of  the  bond 
C  and  form  e  co-ercial  ^“ted  with  each  curve  »  th%f ""  be  seen  from 
to  an  air  interface)-  j-otructive  mechanical  test  -  ds  behave  acousti- 

determined  by  sulise. quent  c ie^  that  theSe  chemicai^  ^  t<jp  ^mg 

the  qualitative  shapes  fined  boundaries  *s  8  °  it  can  be  estimated 

cally  like  ^ erS+^^requency  at  which  the  ^  occ  «  microns.  It 
in  Fig-  1.  From  frrf“  a  thickness  of  approximately  maximum 

frOT  a 

-st. 


B- 


-  the  Lucite  blocks  together 

The  bonds  formed  by  mechanically  pr  tbe  Fourier^ansform 

at  elevated  temperature  jrere  back  from  the  j  three  bond 

STu 

that^ correlate  ^Sngtb.  _ 

in  order  to  more =  "  Sreful  - — “ 

-r  -  - 10 

bond  plane  were  made  at  thre  SlhfSteT signal  e»«££J^  'on4  ^ 
using  narrow  band  tran  7  „here  each  temperature  f™  *  ^SLither  a 

SSU  raBSe-n^srboi  jy- -  tbe  "Sceed* 

systematic  variation  with  the  t  P  a  frequency  dependent  t^  ^ 

wsssi-sse ;  -  r^rr/ir  ir-~ 

the  results  obtained  by  -ae 
sonic  pulse. 
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Fig.  6.  Frequency  dependence  of  the  amplitude  of  ultrasonic  signals  reflected 
from  three  bonds  between  I.ueitc  blocks  whose  failure  strengths  arc 
indicated.  These  data  were  deduced  from  a  Fourier  transform  of  a 
broad  band  ultrasonic  pulse. 


Fig.  7.  Comparison  between  various  theoretical  models  for  the  frequency 
dependence  of  the  reflection  of  ultrasonic  energy  l«y  a  planar 
impedance' variation  with  measurements  made  on  a  bond  between 
Lucite  blocks  formed  at  tlie  different  temperatures  indicated. 
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The  original  motivation  for  measuring  the  frequency  dependence  of  the 
ultrasonic  energy  reflected  from  a  thin  adhesive  layer  was  to  obtain  data 
from  which  to  deduce  a  mathematical  model  that  describes  the  interface. 
Figure  7  shows  the  functional  form  of  the  reflection  amplitude  versus 
frequency  to  be  expected  from  various  commonly  considered  models .  These 
same  models  were  used  to  fit  the  5  MHz  data  in  the  results  obtained  on  the 
thermally  formed  bonds  shown  in  Fig.  7-  Obviously,  none  of  the  anticipated 
models  adequately  describes  the  data  because  the  models  predict  either  a 
rising  frequency  dependence  or  a  maximum  in  the  middle  of  the  frequency 
range  examined.  The  experimental  data  is  largely  frequency  independent  or 
decreasing  slightly  at  high  frequency. 
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Approaches 

A  classical  solution  for  the  -flection^ . 

a  viscoelastic  bondline  woul  procee  as  accurately  describe  the  mechanical 

constitutive  equations  would  be  selected  that  accurately  stre8ses 

behavior  of  the  adhesive  and  substrate  materials^  would  be 

and  displacments  at  the  inter  aces,  yn  .  ,  validity  of  this  approach, 

parameters  selected  for  the  st  y  ,  ,  reflection  using  the  above 

effects  of  the  adhesive  on  the  ultrasonic  signal  reflection  uslng^^ 

method ,  It  was  decided  to  pursue  a  physical  methodi  parametera 

see  sssriLffS  -  pfjzzzssx  ^  p-~ 

are  discussed  by  Rose  and  Meyer  15]. 

Note  that  In  both  of  the  above  techniques,  such  ultrasonic  signal  varia¬ 
tions  as  a^ltuSe  changes  due  to  reflection  factor,  amplitude  changes  ^ 

HrrE'S«hrs8in 
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with  bond  performance  of  flaw  type. 


Attenuation  Functions  for  Bond  Model  Analysis 


Several  studies  were  made  using  the  analytical,  models  for  bondlines 
having  various  attenuative  characteristics.  The  attenuation 
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Since  the  purpose  of  this  work  is  to  determine  the  variation  in 
the  reflection  due  to  the  consideration  of  attenuation,  a  reflection  from 
a  non-attenuative  material  is  needed.  The  reference  used  for  this  study  -is 
uniform  property  bondline  having  perfect  wave  coupling  at  the  interfaces 
and  zero  attenuation  and  is  shown  as  material  "a"  in  Fig.  la.  Other  bondline 
test  cases  can  be  compared  with  the  result  from  this  reference.  Of  the 
attenuative  bondlines  materials  considered,  the  simplest  is  one  having  a 
frequency  independent  attenuation  value.  Such  a  function  is  shown  in  Fig.  la 
and  is  labeled  material  "b".  It  was  decided  that  2  db/cm  is  a  reasonable 
value  for  this  study.  A  second  attenuation  bond-line  considered  is  identical 
to  the  reference  bondline  except  that  the  adhesive  is  assigned  a  frequency 
dependent  bondline  function,  shown  as  material  "c"  in  Fig.  la.  The  attenua¬ 
tion  function  used  was  that  determined  experimentally  by  Kason  (6)  for 
polystyrene  over  a  frequency  range  of  0-8  MHz.  This  function  was  chosen 
because  many  of  the  adhesives  used  industrially  exhibit  mechanical  properties 
which  are  very  similar  to  polystyrene.  In  addition,  there  is  little 
experimental  data  available  for  other  than  a  few  common  materials.  A  rew 
other  attenuation  functions  were  used  in  order  to  Investigate  the  effect  of 
increasing  the  magnitude  of  the  attenuation  function  on  the  reflected 
signal.  These  functions  are  those  determined  by  Mason  (6)  for  Lucite,  ^ 
(material  "d")  two  times  the  magnitude  of  the  Lucite  function.  (material  e  ), 
and  Mason's  (6)  function  for  rubber  (material  "f") .  These  functions  are 
shown  in  Fig.  la.  Physically,  these  curves  could  simulate  various  states 
of  cure  for  the  adhesive  bondline.  Adhesives  are  usually  applied  as 
liquids  or  low  modulus  semi-liquids.  During  the  cure  process,  the  adhesive 
is  transformed  into  a  relatively  high  modulus  material  capable  of  trans¬ 
mitting  the  load  from  one  substrate  to  the  other.  If  we  can  assume  the 
uncured  adhesive  can  be  represented  by  an  attenuation  function  similar  to 
that  of  rubber  and  after  cure  the  adhesive  is  similar  to  polystyrene,  then 
the  ultrasonic  reflection  can  be  related  to  the  cuie  state  through  the 
attenuation  functions. 

Attenuation  studies  in  polymer  solutions  by  Ferry  (7)  and  in  plastic 
by  Auberger  and  Rinehart  (8)  have  shown  peaks  in  the  attenuation  functions. 
Some  researchers  (9)  mention  that  this  phenomenon  may  be  due  to  resonance 
in  the  material  at  the  molecular  level.  Since  empirical  data  is  limited 
for  adhesive-like  materials  in  the  ultrasonic  frequency  range,  it  was 
decided  to  use  the  peaking  attenuation  functions  shown  in  Fig.  lb.  The 
first  of  these  (material  "g")  has  a  relatively  constant  value  of  2  db/cm 
with  a  peak  of  8  db/cm  occuring  at  4  MHz  while  the  next  function 
(material  "h")  shows  a  similar  peak  located  at  2  MHz.  The  remaining  two 
functions  (materials  "i"  and  "j")  are  simple  sine  function  demonstrating 
the  occurrance  of  multiple  peaks.  Results  of  employing  these  attenuation 
functions  in  the  bond  model  work  is  reviewed  on  the  following  pages. 


Solution  Technique 

The  computer  program  used  to  generate  the  ultrasonic  reflection  from 
the  various  modeled  non-attenuative  bondlines  is  described  in  detail  by 
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Computer  Run 


Bondline  Thickness 
(cm) 


Attenuation  Function 


la  * 

lb 

lc 


2a 

2b 

2c 


3a 

3b 

3c 


Aa 

Ab 

Ac 


5a 

5b 

5c 


6a 

6b 

5c 


7a 

7b 

7c 


8a 

8b 

8c 


9a 

9b 

9c 


10a 

10b 

10c 


.025 

.029 

.033 


.025 

.029 

.033 


.025 

.029 

.033 


.025 

.029 

.033 


.025 

.029 
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.025 

.029 
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.025 

.029 
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.025 

.029 
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.025 

.029 
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.025 

.029 

.033 


Material  "a" 

II 


II 
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Material  "b" 

II 

II 


Material  "c" 

II 


II 


Material  "d" 

II 


II 


Material  "e" 

II 


II 


Material  "f" 

II 


II 


Material  "g" 

II 


II 


Material  "h" 

II 


II 


Material  "i" 

II 


II 


Material  ”j" 

II 


II 


Table  la  -  Data  for  Computer 


Runs  Made  with  the  Bondline  Geometry 
Shown  in  Figure  3a. 
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Computer 

Run 


11a 


lib 


11c 


Attenuation 

Bondline  Function 

thickness 
(cm) 


£  ,  Material  "k" (interfaces) 

.0025 (interfaces)  Material  "d" (adhesive) 

.020  (adhesive) 


.0029 (interfaces) 
,0232(adhesive) 


Material  "k" (interfaces) 
Material  "d” (adhesive) 


.0033 (interfaces) 
.026A (adhesive) 


Material  "k"(interf.  -s) 
Material  "d” (adhesive) 


Table  1  b  -  Data  for  Computer  Runs  Made  for 
the  Bondline  Geometry  Shown  in  Fig.  3  b* 
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Bondline  Thickness 

Bondline  Properties 

• 

5  cm 

6  bond  layers 

Layers  1,6  c  =  2.67x10  gec 

.0042  cm  each 

a  ■  material  "d" 

„  5  cm 

Layers  2,5  c  -  2.53x10  gec 

o  ■  material  "e" 

Layers  3,4  c  -  2.39x10  se(T 

a  ■  material  "1" 

6  bond  layers 

Layers  1,6  c  *  2.53x10 

.0048  cm  each 

a  -  material  "d" 

Layers  2,5  c  *  2.53x10 

a  ■  material  "e" 

Layers  3,4  c  *  2.39x10 

a  **  material  "1" 

6  bond  layers 

Layers  1,6  c  *  2.67x10 

.0054  cm  each 

o  m  material  "d" 

Layers  2,5  c  *  2.53x10 

a  ■  material  "e" 

Layers  3,4  c  *  2.39x10 

a  ■  material  "1" 

Table  lc 


for  Computer  Runs  Made  for  the 
Shown  in  Figure  3 


Bondline  Geometry 
c. 
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substrate 
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substrate 


a)  Single  Layer  Bond  Mcdel 


substrate 
interface 


c?f7?7~?T7/77~/  '7/ /?//// /AO  adhesive 
/////'  ■V/.7£Ly-su..-S-'+r~~i~~  interface 

substrate 


b)  High  Attenuation  Interface  Medal 


substrate 


rjL  r. - 


!  adhesive 
substrate 


.  c)  Attenuation  Gradient  Model 


Fig.'3  -  Bondline  Geometries  Used  in  Adhesive  Bond  Analysis 
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Visual  t!<plnil1  Evaluation 

,  -4  e  f nr  the  six  monotonically  increasing 

The  amplitude- time  reflection  ^  ln  studying  the  signals  in 

attenuation  cases  are  shown  g-  •  attenuation  function 

^inreaferfn’mlgnitude!  the  ££££ 

,  however  the  attenuation  consideration 

In  the  frequency  A’comparison  of  the  Fourier 

rpntXr 7ase  prof lies' for^cases^l  »  *i._ 
^£CthePmultiplteinternalSrefleetions  for  frequency  components 
satisfying  the  relation 


are  altered.  As  the  attenuation  ^^g^j.^i^epression  location 
tude  of  the  frequency  profile  a  P  ±  ls  decreased, 

is  increased  while  the  amplitude  at ^ 

This  phenomenon  ls  due  to  ^^^“^s  ln  ^e  adhesive.  An 

reflection,  caused  by  attenuatlve  losses  In  the  „f„ 

extreme  case  ^““"““slnn  almost  disappears  completely 

(rubber)  shows  that  the  dp  flection  of  the  incident  pulse 

leaving  a  spectrum  re. Benbl^8  “ing  to  the  spectral  depression 

from  a  single  interface.  well  defined  inflection 

in  the  Fourier  amplitude  profile  is  a  wei^  proflle.  The 

point  at  the  same  frequency  decrease  the  magnitude 

effect  of  increasing  attenuation  is  to  decrease 

of  this  inflection  as  shown  in  F^g.  3. 

Preprocessing  Considerations  of  the  Results 

A  tabulation  of  cart  a,  ..preprocessing  “ting’ "'aUs^ 

of  the  reflections  cou^d  p  fltnnlitude  of  the  reflection  in 

Table  2  gives  the  peak-to-peak  P  refent  the  monotonically 

the  time  domain.  Computer  r  trend  Qf  decreasing  signal 

increasing  attenuation  functions.  i8  evident  here  for  the  three 

amplitude  with  increasing  attenuation  is  evine^  ^  ffiaterlal  ..fn 

bondline  thickness  with  the  «xcepti  f  a  change  ln  the 

location*  of^the  XZZgSZU  »  «-  — ' 

Two  characteristics  of  the  frequency  ^®^®C^°an^iltude  at  the 
spectral  depression  location  lue  are  tabulated  in  Tables 

Ta'ndt  dS'r^Utudedr^raVsu^nt  quantitatively  depicts 
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Fig.  4c  -  Ultrasonic  Reflections  from  .033  cm  Bondlines  Having  Monotonically 
Increasing  Attenuation  Function. 


212 


213 


Relative  Ai..|)liUi(!e 


[»*  •• 

/ 


Science  Center 

Rockwell  International 


w  v.\ 


~-v 


V7 


\\ 
*4  V  • 


'■  \  \V\ 


Frequency  (Mllz) 


material  "a" 
■  material  "o" 


_ material  "c"(pclysiyrene) 


— material  "d"  (Lucito) 
— material  "e" 

_ malerial  T  (rubber) 


n[- 1 

P!l 


Phase 

0 


'i  * 

i'7 

-//  » / 


.l.  7: _ 


4  /f-c'i 
b/  V 


V 


Frequency  (MHz 


fin  'll  -  Prcmirnry  Charactcrislics  of  the  Ultrasonic  Reflections  from  .029  cm 
J'  H  Having  Mo.Ktonto.lly  Increasing  Attenuation  functions. 


Science  Center 

Rockwell  International 


Relative  An.plitn^ 


I  /  #  •»  .  • 


^  Frequency  (KVilz) 

■  material  "a" 

•  material  "b"  - 

.material  ‘^"(polystyrene) - 


material  "cT  (Lucits) 
material  "e" 
materiel  "I”  (rubber) 


33  CIV. 


■*  5C":  SS  i^creesC^  Unctions. 


Science  Center 

Rockwell  International 


the  change  in  the  d^h  °*  ^1Sj“ression location  do  vary, 
correlations  with  the  attenuation  function*  are  not 
conclusive . 

Resonant  Type  Attenuation  Functions 
1)  Visual  Signal  Evaluation 

The  amplitude- time  profiles  for 

SnSs  are  n«  so°™viou‘s~s  in  the  previoua  net  but  careful 
inspection  will  establish  the  differences. 

The  Fourier  amplitude  and  phase  P^^^rindlcatlve^frt”8 
are  shown  in  Fig.  7  Ibese  amplitude  curve 

attenuation  functions.  For  i  k  at  2  MHz,  shows 

*  "e"  which  has  an  attenuation  peafc  at  1 

for  material  g  addition  to  the  increase  of 

a  corresponding  dip  at  l  m  SDectral  depression  location,  a 
the  amplitude  occurring  at  t  P  denression  can  be  observed, 
more  noticable  location  shift  o  in  the  frequency  range 

It  was  shown  earlier  that  high  attenuation  inthe  rr 

of  the  spectral  depression  will  ca"B  attenuation  functions 

amplitude  at  this^point^  lncrca8e  the  amplitude  more  on 

onensideVthe  depression  cauoing^shift^in  ^minimum^a  ue 

theref  ore^will* be'dependent'^on  the  specific  attenuation  function 
and  the  thickness  of  the  bondline. 

The  inflection  in  the  ^  ^ 

tude  with  increased  attenuation.  No  other  cna 
changes  were  noticed  in  the  inflection. 

2)  Preprocessing  Considerations  of  the  Results 

The  peak-to-peak  amplitude  of  the  time 

indicates  that  the  two  sinusoidal  type  attenuat  ^  8inu_ 

-  * — “y 

range  so  this  should  be  expected. 

The  spectral  depression 

given  in  Tables  3  and  4  could  Rhift  due  to  attenuation  should 

other  data.  The  spectral  depression  shift  due  to  a  thickness. 

not  be  confused  "^“^ndUnf  ls^own.  the  minimum 
However,  if  the  thickness  or  useful  in  determining 

function,  seme  characteristics 
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Fig.  ■ 


Ultrasonic  Reflections  from  .025  cm  Bondlines  Having  Resonant  Type 
Attenuation  Functions. 
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Fig.  6b  -  Ultrasonic  Reflections  from  .029  cm  Bondlines  Having  Resonant  Type 
Attenuation  Functions. 
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Fig.  6c- 


Ultrasonic  Reflections  from 
Attenuation  Functions. 


.033  cm  Bondlines  Having  Resonant  Type 
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Fig.  7a  -  Frequency  Characteristics  of  the  Ultrasonic  Reflections  from  .025  cm  * 
Boiullincs  Having  Resonant  Type  Attenuation  Functions. 
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£“1“  these°  cases. '^If^he^eak 

«"  Nation  function .  hnvin  .  only 

Occurring^a^a^dif  f*rent°f  requency  or  foe  a  W  having  a  different 
thickness,  the  ratio  night  not  be  changed  at  all. 

Comparison  of  Results  for  a  High  Attenuation  Interface 
With  an  Attenuation  Gradient 

This  comparison  demonstrates  that  the  reflection  profile  is  not 

tlon^gradient^cros^the'bondline  thickness^shown^in^Flg^^indicates 

only  very  small  differences.  A  similar similarity  should 
be^xpecte^becaus^the^ota^diSBipation^of  energy^f or  each  passage 

~ f^Sth  cases  even  though 
the  distribution  of  the  attenuation  parameters  is  differen  . 

Concluding  Remarks 

Results  of  this  work  indicates  that  attenuation  aHact^ln^ultr^onic 

:"l"l5  and^also  £«£«££  “.^isT^rates 

“  -11 

adhesive3^ ter lalnl^ 'blunders tanding  of  these  variations  ^^attenuation 

Ssplcrirn^rgr™1^"  3roper  selection  oi  the  signal  generating 
and  signal  processing  equipment. 

With  the  addition  of  ^  attenuation  effects  to  tiSl” ’ 

reflection  SE  ^»^e^ 

recognition  theories.  One  fuc.  4  Lnt,0f^oi  to  the  bond  evaluation 

by  Rose,  Mast  and  Niklas  (10)  could  interface 

program  possibly  through  the  elim  na  °  .  cterized#  This  would  allow  the 
effects,  once  the  interfaces  have  epoaratelv.  In  addition,  magnifica- 

adhesive  properties  to  be  character  ze  through  the  incorporation 

of°transforraaproce88ors  a  ^P^^^^p^^^ation^rograms^othe^than^Bimply331 

the'visua^inspectio^of^eak-to-peak  ^ 

bond  evaluation  could  become  a  more  quantitative  science. 
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nondestructive  test  for  strength  degradation 

IN  COMPOSITES 
D.  H.  Kaelble 

Science  Center,  Rockwell  International 


abstract 

Hydrothermal  (separate  or 

deterioration  in  ««  " 

from  -  150°C  <  T  <  120°C.  Tibet  s**™;  degradation  in  the  laminated 

controlled  rates  and  extents  o  y  *  develop  methods  of  specifically  detecting 
composite.  A  study  was  conducted  to  dev.  P  hennal  aging.  This  study 

and  identifying  the  extent  and  mechanism  o  J  ^  bonded  fiber-matrix 

shows  that  hydrothermal  aging  c°^urrently  8  structure  of  the  epoxy 

interface,  produces  changes  in  the  chemica^  imposed  by  fiber 

matrix,  and  modifies  the  dif£e^  hase  ^  degradation  state  of  the 

constraints  upon  the  epoxy  cont in  P  correlation  of  surface  energetics 

fiber-matrix  interface  is  detected  through  correlat  ^  ^  ^  state  of 

analysis,  ultrasonic  character  z  » x  scanning  calorimetry  (DSC)  and 

the  bulk  epoxy  is  evaluab*d  ^dynamic  mechanical  spectroscopy,  and 
specific  heat  measurements,  IR  and  dyn  stres8  state  is  delineated 

by6 thermalh expan s  ivity ,  dynamic  aging 

response  and  composite  performance  and  reliability. 
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PROJECT  II,  UNIT  II,  TASK  1 
nondestructive  test  fop  strength  degradation 

IN  COMPOSITES 
D.  H.  Kaelble 

Science  Center,  Rockwell  Internationa 


'"'"niher  of  published  reports  show  th “^i^rsiL'^ater  vapo^t' 

sskks  .vSSbsr s  srsr--- 

shear  strength  and  changes  in  fr^t  i/composite  materials <3_6)  were 

recent  theories  of  “O^ture  egr  ^  nondestructlve  tests  on  the  composite 

SS3S  S  accomplish11  Che  following  three  phases  of  this  program 

Prepare  and  degrade  reinforced  composite  specimens  with  varied  moisture 

susceptibility. 

Characterize  composites  by  and  correlate  with  mechanical  strengt  . 

Develop  a  mathematical  model  to  relate  physical  property  measurements 
with  molecular  mechanisms  of  moisture  degradation. 


1. 

2. 

3. 


“ST.-.  -rsrnsss.  iir=.?r 

rs  sSMTSiS  S-:.. 

Part  1:  Interface 

.  surface  energy  analysis  of  both  fiber  and  matrix  correctly  predict 
moisture  degradation. 

.  /o  o«;  sound  velocity  and  absorption  measure 

•  Irans laminar  ultrasonic  (2.25  MHz)  souna  veioc  y 

prior  moisture  exposure  and  strength  degradation. 

Part  2:  Bulk  Matrix 

•  Changes  in  chemical  network  structure  J^lty  and  increase 

matrix  dynamic  mechanical  spectrum  to  lower  soun 

absorption. 

,  fimo r  4„  h  ol  aeins  induces  a  temporary  rubbery  response 

•  static through'water  ^Xg  which  permits  micro-defect  growth  in  the 
matrix  phase. 

Part  3:  Composite  System  Response 

.  Unaged  composite,  display  «  high  degree  of  locked  in  strain  along  fiber 
axis  due  to  fiber-matrix  constraints. 
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.  The  fiber-matrix  strain  relaxation  during  aging  producer  major 
temperature  shifts  in  the  glass  transition. 

Experimental 

The  graphite-epoxy  composite  materials  ^ilized  ^^fiber-matrix 

described  in  Table  1.  Composite  SC-2  2  was  desig  designed  to 

interface  of  high  moisture  sensitivity  -^omposite^SC-^  3-s^gc 

display  a  moisture  resistant  inter  •  interface,  bulk  matrLx, 

mechanisms  for  hydrothermal  aging  in  Table  2. 

and  composite  system  response  are  respectively 


Results 

1.  Interfacial  Aspects 

The  measurement  of  interlsmlna, 

uptake  (Wt.Z  HO)  served  as  d  rec  Fissure  1  plot  the  averaged 

moisture  degradation.  The  upper  cu  nOO°C  in  H  0)  aging  time  while 

values  of  Xh  as  a  function  of  hydrothermal  (100  Cin^^ag 

the  lower  curves  display  Wt.Z  H.,0  wh  c  a  P  provide  widely  different  kinetics 
The  fiber  surface  treatments  describedinTablelprov  j,  in  the8e 

and  extent  of  fractional  degradation  in  ^teriaminarshe  *  i8 

two  composites  as  shown  by  upper  Figure  1  Analysis 
made  in  terms  of  the  following  expression.^  t 


xb(t) 


[r  +  (1-r)  exp  (-t/-r) 


where  end  X  denote  interlaminar  sheer  strength  « 

aging  time  t  and  ?  =  °  respectively,  f&r°°degradation.  The  moisture 

degradation  ratio  and  7  the  re  axa  ™  in  the  low  values  of  r  =  0.37+  *U 

sensitivity  of  composite  SC-2  2  is  re  values  of  r  =  0.67  +  0.09 

and  r  *  3.15  +  1.67  hr  as  compared  to  higher  values  o  - 

and  T  -  52.5  ±  8.9  hr  for  moisture  resistant  composite  SC  2  3. 

.  /o  o*;  uu7\  measurement  of  longitudinal  sound  velocity  (\ 
Ultrasonic  (2.25  MH  )  wa8  conducted  on  the  aged  and  dried 

and  acoustic  adsorption  «*  a  r  curves  Qf  Figure  2  show  that 

interlaminar  shear  specimens.  ^  systematic  manner  with  hydro- 

translaminar  sound  velocity  *******  %£  lSr  curves  of  Figure  2 
thermal  degradation  of  sherr  ^  deCreased  X  .  Similar  results 

show  that  aL  increases  systematically  indica^ing  that  a  single 

ac”rflat^dappUed1or0:ri«erlals  of  different  interfaelal  moiature 

sensitivity. 

The  data  of  Figure  1  and  Figure  2  represent  degradation  „£ 

^irsc.2.3  upon  S  over  a  range 
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TABLE  1 


Constituents  and  Volume  Fractions  of  Components 
in  Uniaxially  Reinforced  Graphite-Epoxy  Panels 


Reinforced 

Composite 

Panel 

SC-2-2 

Moisture  Sensitive 

SC-2-3 

Moisture  Resista.it 

Fiber  plys/cm 

52 

52 

Fiber 

HTS  with  Gantrez 
(1) 

169  Size 

HTS  with  Hydrogen 

(2) 

Surface  treatment 

Resin 

BP907 

BP907 

Volume  Fractions 

Fiber  (%) 

59.7 

57.0 

Resin  (%) 

38.1 

43.0 

Voids  (%) 

2.2 

0.1 

Densities: 

Fiber  P  (gm/cc) 

r 

1.74 

1.74 

Matrix  Pw  (gm/cc) 
n 

1.21 

1  21 

Composite  P^ (gm/cc) 

1.50 

1.51 

(1)  Gantrez  169  is  a  high  molecular  weight  copolymer  of  maleic  anhydride 
and  methyl  vinyl  ether  applied  to  the  fiber  tow  from  a  1Z  (by  weight) 
solution  in  methyl  ethyl  ketone  solvent  and  dried  on  the  fiber  surface 

(2)  Graphite  HTS  fibers  heat  treated  for  120  min  at  1038°C  in  a  90/10:: 
hydrogen/nitrogen  atmosphere. 
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TABLE  2 


Experimental  Methods  for  Study  of 
Moisture  Degradation 


Part  1:  Interface 

•  Surface  energy  analysis 

•  Interlaminar  shear  strength 

•  Moisture  take  up 

•  Ultrasonics- transverse  (2.25  MHz) 

•  SEM  failure  surface 

Part  2:  Bulk  Matrix 

•  Differential  scanning  calorimetry 

•  Specific  heat 

•  Infrared  spectroscopy 

•  Dynamic  mechanical  spectroscopy  (1.1-110  Hz) 

•  Thermomechanical  analysis 

•  SEM  failure  surface 

Part  3:  Composite  System  Response 

•  Thermal  expansivity 

•  Dynamic  mechanical  spectroscopy  (1.1  -  U0  Hz) 

•  Ultrasonics  -  longitudinal  (30  KHz) 

•  Ultrasonics  -  transverse  (1-10  MHz) 

•  SEM  failure  surface 
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.  .  _  4n  Fieure  3.  These  data  show  that  the  epoxy 

of  test  temperatures  1®h°™iFJg  the  point  where  X  becomes  temperature 
P  relaxation  at  =  -45+  15  C  mar  P  values  of  X.  in  both  unaged 

dependent  In  both  aged  om’  “"a|ed.C°”^  the' matrix  glass  transition  tempera- 
end  aged  compos  tes  approach  X  0  at  th  ^  antly 

inf  luenced^by~matrix  rWogTand  th!t  analysis  oi  «DT»data  on  the  pure 
matrix  is  required. 

2.  Matrix  Aspects 

A  combination  of  chemical  analysis  by^^.^trosc^p^comblned^lt^ 

a  calorimetry  study  of  curing  kine  c  ,  •>  The  first  reaction 

displays  the  curing  mechanisms  ahJ^  fomT  epoxide  groups  reacting 

indicated  by  the  upper  arrow  £  .^hydrogen  bonding  cross- 

with  one  molecule  of  DICY  t  h-lchlv  water  susceptible, 

link.  This  portion  of  the  epoxy  network  is  ^  a  aacond 

Further  studies  of  wet  and  dry  ag  g  n_rnw  Qf  Figure  3  in  which  one 

chemical  reaction  indicated  by  the  ^^"  ff^anvi  urea  ring  structure, 
portion  of  the  crosslink  is  mo  e  y  f  DICY  cured  epoxy 

These  reactions  have  been  reported  in  the  literature 

resins (7.8). 

The  ,  viscoelastic  transition  *' 

the  -  0  CH.  CH(OH)  CH-  -  Begmens  s  aging  reaction  which  leads  to 

Table  3  migSt  be  ekpeckd “rf^ic  spectroscopy 

the  guanyl  urea  ring  structure.  j  ,.v,dB  assumption  as 

(1.1  -  110  Hz  on  Rheovibron)  “•“^“^‘Sn^iSnSpermtire  in 
shown  in  the  curves  of  mechanical  loss  tangent  abova  T(i-30°C 

Figure  4.  The  curves  °£  ”g  Bp  diBplayc  higher  values  of  tan  S 

the  hydro thermally  aged  and  dried  BP  9  P  and  sound  velocity. 

indicative  of  lower  values  for  the  — •  £££2  with  aging  effects 

These  property  changes  in  the  Pure  ma™  “J  , 

on  composite  ultrasonic  response  shown  in  Figure  Z. 

Measurement  of  the  15  second  tensile  Analysis  (TMA)^  was 

function  of  test  temperature  during  ther^mech^ica^analysi^^  ^  ^ 

undertaken  to  eorrelate  f curves  of  Figure  5  show  plots  of 
St)8tersrM«  temperatur;  and  show  that  hydrothermal  aging  does 

enhance  the  P  traa8J^  ^ese  results  reconfirm  the  point  that  ftydro- 
even  when  aged  and  dried.  v,0_fr«nv  modified.  The  curves  of  Figure 

thermally  aged  BP  907  matrix  is  ^  ^  (12.2X  by  „t. 

5  also  show  that  hydrothermally  g  ,  response  well  below  the  aging 

H,0)  shows  a  transition  from  glass  to  r  ^is  a  very  effective  plasticizer 
temperature  of  100°C.  In  other  wo ’  the  Tg  re8ponse  of  BP907.  Subse- 

quen t^dr yingC a^ shown^ if Figure  5  returns  the  E(t)  versus^  cu™  nearly 
effects  TuofsZell  tfe  T^LVon  r^ofse  U-  -ch^ore  reversible 


239 


Science  Center 
Rockwell  International 


Epoxy  +  Dicyanodiamide  (DICY) 
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Table  3 


:  Suggested  Curing  Mechanls-s  for  Epory  BP  907  Resin 
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:han  for  0  transition  response. 

Thp  fact  that  the  BP  907  matrix  is  temporarily  plasticized  to  display 
The  fac  innor  uas  shown  in  subsequent  studies  to  stimulate  the 

rubbery  response  at  iOO  C  was  sh  s2atant±allj  lower  the  cohesive 

growth  of  defects  in  the  bulk  i  discussed  above  for  the  pure 

functions  of  the  pure  BP  907  shown  in  Figure  5. 


i  composite  System  Response 

Fabrication  of  ^^^^j^QO^^n^rgi^ai^lflcan^internal'^curing)0^613" 
ture  differentia  s  o  ove  composite.  In  some  cases  these  stresses  (10_i4) 

stresses  are  dcveioped  within t  ^  Qr  modified  thermal  expansivity, 

are  reported  to  cause  interlamin  d  important  internal 

In  this  study  we  observe  what  appears  t  history^f  hydrothermal 

stre35  effect  evldently  pto^ced  b,  the  specifiCr()thj  JaUy  aged  >t  100oc 

jffi  5  SlMt  the  irtx  ochieves  e  tobbet^^ 

state  where  Tg  <  100°C.  These  swollen  ,  la88  sute  where 

swollen  state  and  thus  the  swollen  ma  r  x  f  the  gia88y  matrix 

Tg  >  23°C.  Subsequent  desiccation  removes  the  1 f^fvolume  in 

and  evidently  this  drying  process  leaves  a  -^te  of  exc  uptake 

the  matrix  phase.  The  internal  stresses  pro  u  failure  in  moisture 

and  drying  cycle  are  sufficient  failure 

zzsxzxs «  ^ ~:£r^.urss£» 

-  cteexcest  "eeTol™  st.^wM^correlates  with  a  high  tri.xi.1  tensile 
stress  in  the  matrix  phase. 

Measurement  .“at 

in  Figure  6  for  composite  SC  23  w  *  ±  length,  where  initial  length 

23°c.  The  upper  left  curve  shows  the  hLting  to  170«C  at  constant 

tfie^i°scannra^e  ±  ”  c/Mn  and  tranawerse  Mthe  fibers^  a^ut  +“oc 

To%  vo-  collapse  in  the 

matrix  phase. 


The  second  thermal  cycle  shown  in thf  e^ected^Mge  in 
still  shows  evidence  of  volume  collap  J  class  transition  response  for  . 

slope  at  abeut  ^  characteristic  £  louer  portion  of 

the  BP  907  matrix.  The  third  thermal  y  feeen  e88entially  removed  by 

FthrrtL6r^r.»IaUh»bovetTrLd  the  »P  907  displays  a  noreal  change  in 
thermal  expansivity  at  TG>100°C. 
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,  roo„lts  of  dynamic  mechanical 

The  multiple  curves  of  Figure  7  the*  f iber^is  £f  the ^composite . 

Iheovibron)  neaj!u'““|;i°d  theraal  scans  (respective  data t of StheC0° tran¬ 
ce  fi^t,  secondhand  t^^  triangie)  show  successive^ ^  thennal  8can 

it  ion*  curves  of  tan  ’versus  T  to J  iybols  -  ^ 

f  the  hydrothermally  aged  and  dri-  P  tanfi  versus  T  functio 

nse^of^che  u  7^-3  ^  — . 

ae“"d0™ir  or»anof  ^o2rigin*.ei  h,.tri.. 
curves  „£  Figure  7  f ^modified  by  aging  hiatory. 

sitio:;irrcr .  -  «-  *  p-r.tr.  rr » 

and  particularly  the  i”.*  state  of  the  composite  mterlal.  t^ 

varlablea  in  the  current^lnt^al  ^  lndlcate  the  degree  of  ^intern  , 

HSSS-  tr^tSHS  degfee  of  recouering  fro.  prior 
aaine  history. 


.mmary 

This  sunaaary  report  covers  the 

sir  «  Hr* 

rreversible  changes  such  as  weu  as  temporary  frozen 

ltrasonlc  response  (see  «»“«*  '  \  removed  by  themal  annealing  b 

^““it^ruirrpreart^t^eratatlon  •  |t  £urther 

and  Part  2  of  this  ““Ion  in  the  composite  part. 

Cf  aging  and  strength  degrad  „  te5C8  uhi  h  appear 

A  summary  of  candidate  standard  and  'T*  Jield  te8t  for  strength 

promising  in  terms  °*  ^^listed  in  Table  4.  This  li^S  ^ almost 
degradation  in  composites  a'e  ^  tho8e  techniques  which  appear 

^=SS2S=--' — — 
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TABLE  4 

CANDIDATE  DIAGNOSTIC  NDE  TESTS 
FOR  STRENGTH  DEGRADATION  IN  COMPOSITES 

CANDIDATE  STANDARD  NDE  TESTS 

•  Ultrasonics  (Frequency  Spectra) 

•  Acoustic  Emission 

•  Thermography 

•  Penetrants 

CANDIDATE  DEVELOPMENTAL  TESTS 

•  Strain-density  Sensors 

•  Dielectrometry 

•  Radiofrequency  and  Microwave  Test? 

•  Infrared  Spectroscopy 
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Gages  such  as  strain-density  senses  or  dielectrometer  electrodes  can, 
of  course,  be  fabricated  into  a  composite  material  and  operate  as  valuable 
new  methods  for  monitoring  internal  stress  and  physical  response.  Specific 
spectrographic  tests  that  can  conduct  an  analysis  of  chemical  structure  state 
of  the  compsite  surface  using  optical  (IR)  on  microwave  response  of  the 
polymer  matrix  phase  are  also  recommended  by  the  very  specific  information 
deduced  from  IR  spectroscopy  in  this  study.  In  conjunction  with  the  methods 
of  Table  4  an  appropriate  selection  of  laboratory  tests  for  materials  and 
subsystem  response  from  Table  2  are,  of  course,  required  to  isolate  the 
physiochemical  mechanism  of  strength  degradation. 
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P-2  Detection  of  Hydrothermal  Aging  in  Graphite-Epoxy  Composites  Part  2: 
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PROJECT  III,  UNIT  I,  TASK  1 

uATJMONir  generation  by  ultrasonic  waves 
Ssi  STRESS  determihatioh 

0.  Buck 

Science  Center,  Rockwell  Internntional 


Summary 

Prom  Elbaum's  work*  tt  ls 

is  sensitive  to  o,  ,  the  internal  ^^^fdistortions  in  the  vicinity 
internal  stress)  vhich  is  due  to  the  elastic  the  yi  ld  stress 

Of  the  dislocations,  o,,  to^a  ^  ^  of  fatigue  o£  metals  and,  thus, 

i^ofgreat  technological  importance. 

These  internal  stresses  of  th e  ^con^kin^should^e^learly^ 

auished  from  internal  stresses  oi  the  stresses  of  the  first  kind  give 

stresses) .  In  X-ray  diffraction  internal  stresses  para„erer  change 

rise  to  a  line  shift  or,  equivalently,  t  Btresses  of  the  second 

over  large  areas  of  the  (and  no  line  shift)  due  to  positive 

and^negative8 la ttice^aramet exchanges  and  their  mean  being  unchanged. 

The  first  year's  effort  in  ““^"waveo^The  work  was  done  in 

on  harmonic  generation  using  acoustic  bulk  wav 

two  phases:  , 

A.  Assembly  and  checkout  of  the  do'not  c^ribute  to 

equipment  and  compare  the  results  wax 
from  theoretical  predictions. 

B.  Selected  experiments  on  h®™°n^f^ts)ain°ducUle°TiIterials  to 
=  "1^  — kind  “  "c 
harmonic  generation. 


The  results  may  be  summarized  as  follows: 


me  resuiLo 

vp rv  well  for  bulk  wave  experi- 

(1)  At  present,  the  equ  pMnt relationships  between  the 

^  harmonics^w^^submitted  for  publication. 

(2,  internal  stresses  £  ^Time! 

all  of  the  causes  are  understood  at:  v 
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Experiments  and  Discussion 

,  .  ,  .  1Q75  aid  is  described  in  a  paper^, 

Phase  A  was  completed  in  March,  iy/j,  •  .  „  . .  >  » 

"Hlghcr^Harmonics  ofVnite  Amplitude  ^5^  consists 

submitted  to  J.  Aconst.  Soc.  Am.  . nusoidal  finite  amplitude  acoust. ' 

of  a  fused  quartz  transducer  "o  exci te  slnusoida^flnlt, ^  5etect  the 

uaves  and  a  “  thls  microphone  are  that  the  output  voltage 

isTirectiy  proportional  to  the :  4^*ce^thftt^“SJvSt.e“«  as  a 

Independent  of  frequency  (10_25P range  of  the  equipment  is  in  excess 
frequency  spectrum  analyser. The  dynamic  range  RJerence  2. 

of  60  dB.  For  more  details  the  reader  is  rererreu 

During  the  checkout  period  experiment.^  the "Vu"^"!. 

fused  silica  was  extensively  stu  e  .  contributions  tn  harmonic 

a  very  brittle  material  so  that  dial, °C£‘°n,^"^£7ilica  an  ideal 
generation  are  virtually  supp  .  t  harmonic  generation.  Such 

material  to  study  the  lattice  coa  r  u  order  elastic  constants  which 

measurements  thus  allow  calcu  a  “™S  h  authors  using  different  techniques, 
can  be  checked  against  results  from  other  autnors  u  s 

We  succeeded  in  showing  that: 

arc  in^good^agreement  :^rLT„:rort.fn:rbrobtyhcrrd,o"™hi: 
ing  that  the  equipment  works  satisfactorily. 

(2)  The  dependence  of  harmonic  generation  on  specimen  length  and 
fundamental  amplitude  is  as  predicted  theoretically. 

(3)  Fourth  and  (higher)  order  '^““^^“^“"m^terials!  with  respect 

second  point  can  he  summarized  as 


2  2  N,  2i(u>t-kx) 

U2t  "  V6  *  lf(Cij’  Cijk)le 


in  which  the  indices  2  and  *  are  used  to  indicate  that 

the  lattice  contribution  to  the  “'“ou^M  thllfir.t  harmLlc,  x  the 
the  first  harmonic. »  the  circular  ^d \hlrd  order  elastic 

specimen  length,  and  C^.  an  mj,  4-mortant  in  cases  where  contributions 
constants.  The  third  "^jSSb^Tthlrt  (or  higher) 

hamonicagenerlt”on.  Knowledge  of  C  contributions" and' 

SSSJSK  to  lattlcedef ects.  Again,  the  Interested 
reader  is  referred  to  Reference  2  for  more  details. 

_jy=  ;.s s= 2  3 -”=2S 


J 


4* 


Science  Center 

Rockwell  International 


*  *-hpqe  effects  had  been 

second  harmonic  generation  mere  studied.  j“‘buted  to  dislocation  motion 
studied  previously  by  «b— ^  “  Held.  Such  dislocation  motion 

yields  a^second^harmonic^ontrlbutlon 


2i(uit-kx) 


„  .  )i«“w  (2) 

2d  1 

.  ot-rain  as  the  dislocation  vibrates. 

sir,  u sssszz  ts~ 

dislocation  density  by 

T  “y/^V - 

Internal  stresses  of  S' 

sr  rr.  xz&z*  *• 

stresses  occurs  during  three-point  b®dlng  ^  eaperlment.  are 

elastic  Hit  Is  not ?lr.t  and  second  hind  Internal  stresses 

described  in  terms  f  acoustic  bulk  waves, 

on  harmonic  generation  of  accuse 

Tnrrs-»al  Stresses  of  the  First  Kind^ 

A1  2219  in  the  solid  solution  trested^condltl^™ 

homogeneous  ^external^stresses^not  ^“.^application  o£  those  ^tresses 

the*second  harmonic  »1>  1=  Independent  o£  the 

_asL1^  stres8  and  roo„  tempers- 

(a)  Compressive  stresses  ®xce®Jia®d  third  harmonic  generation  was 

recovering  «J«^"^"lngle  crystal  and  sEter^ppilcstion 

rnltd°r!0  U^s  the  yield  stress  »f  the  ma  erial  (sy=»l  u  hlgh  t„ 

^tl°.^  -^e  -rr^t^s^^the  dislocation  c^tr ihuticn, 

to* second°harmonic  generation  Is  U»  “  J.  formed  this 

contiibuCion°dimtnishes9  Untemal  stresses  oE  the  second  hind  In 
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and  the  second  harmonic  approaches  a  value  expected  from  the  lattice  con¬ 
tribution  V2l  (Eqn.  (D)*  As  observed  by  Elbaum  et  al.  , 


U2(total)=  U2^+  U2d 


(4) 


from  which  the  internal  stress  could  be  calculated  if  the  exact  relations 
in  Eqns.  (1)- (3)  were  known. 

During  long-time  room  temperature  anneal  (see  right-hand  side  of 
Fig.  2)  the  second  harmonic  increases  again.  For  a  deformed  Al  single 
crystal  this  result  is  not  surprising  since  the  stacking  fault  energy  s 
so  high  that  dislocation  cross-slip  and  dislocation  anrihilation  can  easi  y 
occur,  reducing  the  internal  stress  of  the  second  kind. 

(b)  Fatigue  softening  experiments.  After  application  of  a  compressive 
stress  ( wl5  a  )  U  as  well  as  the  Knoop  hardness  were  determined^  There- 
after  the  specimen  was  fatigued  in  compression-compression  at  R 
with  a  -5a.  After  several  fatigue  periods,  both  U2  and  1  % 

Knoop  Rtrdnessywere  measured  again.  As  shown  in  Fig.  3,  U2  increases  an 
the  Knoop  hardness  decreases  as  a  function  of  fatigue.  Again  this 
is  expected  qualitatively  since  it  is  clear  from  the  hardness  measurements 
that  fatigue  softening  occurs  leading  to  an  increasins  U2.  llieroscopically 
this  effect  is  caused  by  a  typical  fatigue  induced  dislocation  . r!SSelv 
with  long  dislocation  loops  oscillating  back  and  forth  in  areas  of  relatively 
low  dislocation  density.  These  long  loops  lead  to  extrusion-intrusions  at 
the  specimen's  surface  and  eventually  to  microcracks  (see  Grosskreutz,  e.g.). 

(c)  Othe-  structural  changes  affecting  second  harmonic  generation.  The 
aluminum  alloy  Al  2219  was  exposed  to  the  solid  solution  treatment  (  )  an 

to  an  aging  treatment  at  190OC  for  various  amounts  of  time.  Knoop  hardness 
and  U2  are  shown  in  Fig.  4.  The  increase  of  the  Knoop  hardness  in  these 
experiments  is  due  to  the  formation  of  precipitate  particles.  The  con¬ 
comitant  increase  of  the  second  harmonic,  however,  cannot  be  explained 
the  present  time.  As  evidenced  by  transmission  electron  microscopy 
(Dr.  N.  F,.  Paton,  Science  Center)  interface  dislocations  have  been  formed 
during  precipitation.  These  interface  dislocations  may  be  responsible  for 
the  increase  in  U2  during  aging. 
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PROJECT  III,  UNIT  I,  TASK  2 

RESIDUAL  STRESS  DETECTION  BY  MEASUREMENT  OF 
EFFICIENCY  OF  ELECTROMAGNETIC  GENERATION  OF  ULTRASOUND 

R.  B.  Thompson 

Science  Center,  Rockwell  International 


Introduction 


The  presence  of  residual  stresses  in  metals  can  have  varied  deleterious 
consequences,  including  a  reduction  in  the  resistance  of  a  part  to  corrosion 
and  fatigue,  and  warping  of  a  part  during  machining  when  a  heavily  stressed 
region  is  removed.  X-ray  techniques  for  stress  detections  are  available, 
but  they  suffer  from  a  number  of  limitations.  The  apparatus  is  bulky  and 
often  time-consuming  to  use,  surfaces  must  have  a  certain  amount  of  prepara¬ 
tion,  and  the  measurement  is  made  only  in  a  layer  of  thickness  less  than  a 
mill  (25  m). 

Alternate  procedures  have  been  found  based  on  a  variety  of  physical  prin¬ 
ciples,  and  each  has  its  own  advantages  and  limitations.  In  ferrous  materials 
deduction  of  stress  from  magnetic  properties  has  received  considerable  atten¬ 
tion.  Eddy  current  measurements  and  Barkhausen  measurements  have  each  been 
shown  to  be  sensitive  to  stress,  but  do  not  provide  enough  information  to 
distinguish  the  presence  of  stress  from  other  material  properties  such  as 
cold  working  and  compositional  changes.  This  work  demonstrates  a  third 
magnetic  measurement  important  in  deducing  the  stress  of  the  material.  It 
is  experimentally  shown  that  the  efficiency  of  an  electromagnetic  transducer 
for  generating  ultrasonic  waves  is  strongly  influenced  by  the  presence  of 
stress.  An  NDE  technique  based  on  such  measurements  is  believed  to  be 
advantageous  because  it  is  based  on  magnetostrictive  properties  which  are 
shown  to  be  more  sensitive  to  stress  than,  for  example,  t-he  total  magnetization. 


The  Transducer 


Figure  1  shows  the  experimental  situation  under  consideration.  The 
electromagnetic  transducer  consists  of  a  serpentine  coil  of  wire  carrying 
current  at  the  ultrasonic  frequency  w,  and  a  magnet  producing  a  static  field 
H  .  When  the  transducer  is  placed  on  a  metal,  ultrasonic  waves  are  radiated 
along  the  surface,  with  greatest  efficiency  occurring  when  the  surface 
wavelength  is  equal  to  the  period  of  the  coil.  If  the  waves  are  detected 
by  a  receiving  transducer  (of  any  type)  and  the  static  field  is  varied, 
the  signal  changes  are  shown  in  the  bottom  of  the  fiture.  In  a  non-ferrous 
metal,  the  signal  strength  increases  linearly  with  the  static  magnetic 
field  (dotted  curve).  The  generation  of  ultrasound  occurs  as  a 
result  of  the  reaction  of  the  induced  eddy  currents  and  the  static 
magnetic  field,  i.e.,  the  Lorentz  force  on  the  eddy  currents.  In  ferrous 
metals,  this  same  process  is  observed  at  high  fields  for  which  the  material 
is  magnetically  saturated.  At  lower  fields,  however,  there  is  a  considerable 
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l  2  distinct  peaks 

ohanced  efficiency  ““ThIo^  to°the differential  magnetostriction 

the  —  field. 


®S£25££i££i^^  tostrlction,  nr  change  in  length 

.  f  JSS-JSZ.T  HI  S  T^zr-^SL^ 

flrT>“"  magne tostriction^is ^changed  ^markedly ^and  n  ™  „ 

TwUl  b^publlshe^ln  the  ptoceedlngs^^^lhe^hey^con^ep  ^^  £,i 

==i=52S -SSS35^' 

measurements.  In  J1*0'  '£’  £  the  total  magnetization,  an  detailed 

somewhat  greater  than  that  ^  which  can  he  used  to  gain 

■““^iLThTt  the  state  of  stress. 


ti^ssjieasurei^ts  efficiency,  the 

the  stress  dependence  of  trans  ^Cifar_ shaped  sample  of 
To  determine  the ^ 8treSS  v  ^  perforoed.  A  bar-shapeo 

xperiment  illustra  e  four_point  bending,  with  t  e  ex  d  t  the 

018  steel  was  placed  in  four  P°  flexurai  waves  were.e*ple  detected 

iy  a  resistance  strain  gage  ^fromagnetic  transducer,  xh« 

:  enter  of  the  ^rt  distance  by  a  piezoelectric ^wedg^Pp  the  variati0n 

rfter  Pr°Pagf^gwa8  incrementally  increased,  *  trength  was  measured, 

jend  of  the  b  with  static  magnetic  f  ,  oth  the  tension 

af  transducer  efficien  y  .  ^  transducer  coil  on  eenera- 

Lsurements  were  Perfo™ed  with^he^  ^  ^  compression  side.  ™*Jn±lls 
side  of  the  sample,  as  sho  ^  electromagnetic  skin  depth,  se 

TTir.Sr« 

product  the  '£*£££££% 

however,  a.  a  permanent  deiorM  o£  load  .as  6.5  a 

tion.  The  measured  strain 
to  the  total  strain  of  3  «  1" 
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■srs  s,r. '“™:  rs*3~r 

l£"Uina  peak  peak  to  vanish 

ero” stress  In  Fi8*  *•  THo' lower  flelds •  Conversely,  the  compresaive 

,nd  moved  the  side  of  pea  a  doublet  and  moves  the  side  °  *  tlal 

oad  causes  peak  B  to  sp  uh-irh  are  proportional  to  the 

ligher  fields.  These  results,  whi  mt  with  the  static  data  in 

nagnetostriction,  are  qualitatively 

'  The  data  muetrated  the  Urj. 

residual  stress.  It  is  ciea  fine  structure  can  be  iux  y 

before  the  information  confined  i^h  ^  features  have  been  identifi  d 

.  _j  At  the  present  time,  a  n  r.  c  shows  one  which  is  s  r  j 

f j ret  been  increased  to  saturate  Df  its  maximum  value,  ine 

£  SHHe; 

compression.  The  ei« 

It  wlU  elec  he  noted  that  the  det,  obtained  In 
is  Slightly  Offset  from  that  in  comp  ^  not  be  surprising  since  the 
presence  of  a  residual  stress.  ™  followed  by  cold  draving  to  the 

sample  was  prepared  by  a  1700  analysis4  showed  side  A  to  have  a 

final  her  shape.  Subee,eent  X-t.y  ^  ^  a  compreaslve  etrese  o 
compressive  stress  of  3  fcsi  ana 
ift  Li.  consistent  with  the  offset. 


nt  to  other  magnetic  techniques. 

It  is  important  to  compar®  |-h^f®*®gUfrOT  eddy  current  and  other  ^ 
s  noted  previously,  the  appro  zation  because  magnetostriction 

r««ut»ent^nly  senees  the  reverslh  e  tbenge^  Bithln  adonaln 
,,  90"  domain  wall  notion  “nl,bL“^“heusen  effect,  which  senses  the 

“sjx 

saarM?.  -  «  r  -  :fth“  :r°"c 

Tr  ih„aco^"ncrtionewith°thet  provide  by  these  other  techn  dues. 
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Fig.  4  Field  dependence  of  efficiency 
for  1018  steel  at  different 
stress  levels. 
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Conclusions 


These  exploratory  experiments  have  established,  for  the  first  time, 
that  the  efficiency  of  electromagnetic  transduction  of  ultrasound  is  quite 
sensitive  to  stress.  Much  additional  study  is  needed  and  it  would  certainly 
be  hazardous  to  proclaim  a  new  NDE  technique  based  upon  this  limited  set  of 
measurements .  Nevertheless,  it  is  important  to  ask  what  characteristics  such 
a  technique  might  have  if  continued  studies  are  equally  promising.  First, 
it  should  be  noted  that  a  device  would  be  quite  simple  and  would  have  the 
advantage  of  noncontact  operation.  Secondly,  painted  or  moderately  rough 
surfaces  should  pose  no  problem.  The  technique  would  thus  appear  to  be 
ideally  suited  to  maintenance  use.  It  should  be  finally  noted  that  the 
depth  of  measurement  is  comparable  to  that  in  eddy  current  measurements. 

This  is  typically  a  few  mills,  deeper  than  X-rays,  but  certainly  not  a  bulk 
measurement. 
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PROJECT  III,  UNIT  II,  TASK  1 

SOURCES  OF  ACOUSTIC  EMISSION  IN  ALUMINUM  ALLOYS 

L.  J.  Graham  and  W.  L.  Morris 
Science  Center,  Rockwell  International 


Introduction 

The  relatively  if"£or« 

ferfS  £5  -  ~  %££  itlTZrTlfr  SlS 

generated  by  the  sudden  release  o  _  enerKy  can  be  associated  with 

region  in  a  material.  This  sudden  ^  twinning. 

eraek  growth,  plastic  dcforma" detectable  acoustic  emissions,  however. 

These  processes  do  not  always  proa  .  ,  nrocesses  that  occur  is 

and  a  greater  understanding  of  the  ^  me^d  for  monitoring  flaw 

required  to  increase  the  reliab  y  f  roct3SeS  of  AE  generation  would 

growth.  Two  goals  of  studies  °f  the  °  *  «.  behavior  of  materials  to  new 

be  for  extrapolation  of  present  knowledge  of  «  ke^g°g°41es  aimed  at 
conditions,  and  for  predicting  flaw  critics  g'understa„dlng  the  baslc  AE 

attaining  these  goals  have  bee  engineering  and  fracture  mechanics 

generation  processes  and  in  correlating jnglneering  an^  ^  of  ^ 

parameters  to  AE  parameters.  2°single  crystals!  phase  transformations  in 
generation  in  metal  ana  ionic  g  Y  entification  of  slow  crack 
steels3  and  <n  and  in 

growth  processes  in  steel  through  ABa»P  gtudieg  relatin<;  the  AE  gen-ration 
ceramics  by  frequency  analysis  o  *  growth  rates  in  both  metals®  and 

rate  to  stress  intensity  factors  an  c  8  determine  the  effects 

ceramics^ .  In  the  present  study  we  have  attempted  to  ^  aUon>  to 

of  microstructure  on  the  micrtmechanic  P  are  related  to  these  effects. 

tests  0frla=especimens  ^t he ^f feet 
fl^riSrTsotsole^rei™  worh  on  two  steel  alloys  was  uerfonsed. 
Experimental  Method 

_s  suvsfc-  s££S=r=r SE. 

geometry  is  shown  in  Fig.  1.  Th  P®  the  specimens  could  be  aligned 

plate  material  so  that  the  tensile  .  nf  the  rolled  plate  as  shown 

along  each  of  the  three  P^nc ipal  ®  g  L,  this  were  that  the  2048  aluminum 
at  the  right  of  Fig.  1.  Two  exception  aluminum  alloy  was 

alloy  was  an  experimental  cast  and  study  are  shown  in  Table  I 

a  1/8"  thick  sheet.  The  aluminum  alloys  used  in  tQ  these  six 

along  with  their  nominal  chemical  composition  . 
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aluminum  alloys,  some  work  was  also  done  on  A533-Grade  B-Class  2  steel  and 
SSTeel.  All  the  tensile  specimens  were  of  the  same  geometry  so  that  com¬ 
parison  of  the  AE  behavior  could  be  made  directly  between  specimens  under 
different  conditions .  The  experimental  variables  used  to  change  the  micro¬ 
structure  and  fracture  behavior  c*  the  materials  are  shown  in  Table  II,  along 
with  the  AE  parameters  which  were  measured.  Also _ indicated  are  parameter., 
which  are  planned  for  use  in  a  continuation  of  this  study. 


The  AE  monitoring  system  which  was  used  has  been  described  d®^a^1 
els avh“re10 •  The  bandwidth  selected  for  this  study  was  from  50  kHz  to  3  MHz. 
The  low  frequency  limit  was  determined  for  rejection  of  the  Instron  pensile 
™  hine  noise  and  the  high  frequency  limit  was  detemined  by  the 
of  the  modified  video  tape  recorder  which  was  used  to  record  all  of  the  anal  g 
\r  -isnals  A  special  trigger  level  circuit  was  used  to  maintain  a  constan. 
trigger  level  of  50  +  .05  mV  for  all  tests.  Acoustic  emission  event  counting 
was  done  rather  than  the  usual  ring-down  counting  since  a  correlation  between 
the  number  of  events  and  features  on  the  fracture  surface  of  the  specimen 
was  desired.  During  the  tensile  tests  strip  CJ^. 

the  cumulative  event  count,  the  event  count  rate,  the  AE  rms  voltage  leve 
(Hewlett-Packard  Model  3U03A  rms  voltmeter),  and  the  load  on  ^e  specimens. 

The  AE  signals  recorded  on  the  broadband  video  tape  recorder  were  later  played 
SL  foPSfePvation  of  the  appearance  of  the  bursts,  theirdura j  on  Relative 
amplitudes,  rise  times,  time  of  occurrence,  and  general  appearance.  Also 

frequency  analyses  of  individual  AE  bursts  were  ot)tal^d  ^ing  a  hundred 

Packard  Model  8552A/8553B  swept  frequency  spectrum  analyzer  Several  hundre 
AE  bursts  were  analyzed  for  each  specimen  at  different  times  in  t  ^ 

history  to  get  an  indication  of  changes  in  the  processes  involved  in  the  AE 

generat.'  on. 


Bosh  optical  and  scanning  electron  microscone  observations  made 

of  the  fracture  surface  and  of  the  lateral  surfaces  in  e  ga.g 
the  specimens.  Tt  ;se  observations  were  used  to  identify  the  effects  o 
test  parameters  on  the  deformation  and  fracture  behavior  of  the  specimens 
for  correlation  with  changes  in  the  AE  behavior,  so  that  the  sources  of  AE 
could  oe  identified. 


g^p0j* imcntcil  Results  &nd  Discussion 


Tensile  specimens  were  tested  in  batches  of  10-20  specimens  at  a  time 
The  load  behavior,  acoustic  emission  behavior  .and  appearance  of  .he  lateral 
and  fracture  surfaces  of  the  specimens  were  determined,  and  then  all  of  th 
data  digested.  Certain  inferences  could  then  be  made  about  th  ^ 

the  test  parameters  on  the  fracture  behavio-  -nd  the  effect  the  frac 
behavior  on  the  AE's  which  were  produced.  o  test  the  valj.diwY  of  the 
inferences  test  parameters  were  changed  and  a  new  batch  of  specimens  te 
including  some  specimens  which  were  tested  under  the  same  conditions  as  the 
previous  tests  as  control  specimens.  In  this  way  our  ka°wledg®  °f 
of  AE  and  the  effect  of  changing  the  microstructure  on  these  sources  was 

established. 
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~  this  study  will  be  stated 

Conc^sion^^^ 

now  and  then  a  d^C^ental  parameters  and  micro** ir  conclusion  is  that 

how  the  various  < e: xpe  basic  conclusions.  T  1  ^  conditions  was 

the  material  affec  iouB  materials  ander  h  had  four  basically 

the  AE  behavior  of  the  conciusion  was  .^Ution  could  be  used  to 

s^rtralt  third  conclusion  deals  with^t  e 

help  identify  the  s^c^of  the  ^  ^  pimary  source  in  all^ 

identification  of  the  Mem  brittle  fracture  of  2  20  ^  conditions  was 
aluminum  alloys  tested  va  th  source  under  som  two  sources 

intermetallic  particles. of  matrix  material^  *  soUrces 

the  brittle  fracture  t  ^  ^  ln  nost  of  ”f "^rtant  in  that  they 

vere  responsive  ccurred  more  rarely,  u  Qf  the  AE  they 

which  were  identified  occ  ,.ffprent  frequency  specnr  arowth  condition. 

foSd  he  dittoed  by  aadi«er«n  ^crostructural  o. 

Produced  which  indicate  sourceg  ^  grain  boundary  of  ae  produced 

Specific  examples  ofthe  x  cleavage.  Another  ^  ^pUtude. 

along  grain  boundaries , emission-.  which  was  usually  plastic  deforma- 

what  is  termed  SOurce  of  AE  was  due  to  ei^h  ^  size  intermetallic 

It  ia  believed  that  this  e  "Conclusions  of 

tion  of  the  matrix  or  o  deformation.  Thase^  Bateriala,  the 

^articles  caused  hy  p  behavior  of  var  identification 

Pthfs  study  (the  >r-^e  ;^ctra  of  the  AB  Z 

classification  of  the  Wed  ^  ^  discussed  in  terms 

Of  the  sources  of  the 

observations.  .  f  pig.  2  are  typical 

OiSSaii-^f^^’ai^y  specimtn^tested,  P^P°ses 

Per  each  of  the  speci^ns^  £  left  goes  ^  th^eld  point.  For  the 
event  rate,  Ng.  .  details  of  %  oelo  w  a  factor  of  lo 

ordinate  .ad  gives  ^Itheordinate  must  be  multiplied  ny^^^  ^  ^ 

other  curve,  the  *  ot  ijE  throughout  the  1°“^|  t‘e  long  transverse 

This  curve  shows  the  fea  E  longitudinal  (L)  point  while 

feature  of  thetae  data  UthJ*  ^^.shortg  P^^^right.to 

(T)  specimen,  E  ®  (s)  specimen,  Eg  c°n  hown  in  Fig.  2, 

for  the  short  transverse^ ^  fw  specimen  2SU  sho  ^  cQunter  g  te 

fracture.  It  should  OYc ceded  the  capabiliti  contrast,  the 

increased  to  a  value  w  +eBted  for  which  this  b&PF®  ""  b  tde  data  of 

This  was  the  only  npec dif f erent  AE  behavior  as  i11^®  ^-80  materials.  Not 

two  steels  had  a  very  dif fere  the  A533  am  the  K  AE  signals. 

.  Figure  3,  ^^f^c Sves  for  the  rms  h 

shown  In  Figs.  2  and  3  ^  uBUally  fell  ri8ht  °^s  skewed  to  either 

With  the  Pr°pt!r ^conditions  the  rms  voltage  cur  This  means  that 

However,  unde*  ^/tensile  test  relate **>  the  E  ^  also 

'“V Uutna “  distribution  changed  dwing 
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Table  II.  Parameters  of  this  study  on  acoustic  emission  source  identification 
and  parameters  planned  for  use  in  a  continuation  of  this  study. 


Experimental  Variables 


Alloy  content 
Impurity  content 
Heat  treatment 
Surface  condition 
Specimen  orientation 
Specimen  origin 
Strain  rate 

Specimen  geometry 
Grain  size 
Temperature 


Observations 


Future 


Event  count 
Event  count  rate 
rms  voltage 
Load 

Signal  appearance 
Frequency  analysis 
Fractography  -  SEM  and  optical 

Amplitude  distribution  |  Future 
Signal  phase  j 


vs.  time 
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Table  III.  Mechanical  and  acoustic  emission  event  count  (Hj.)  data  for 
all  the  tensile  specimens  tested.  _ _ 


Specimen 

Number 


lLU 

1L8 

1L1 

1L5 

il6 

1L2 

1L3 

1LT 

IT  4 
1T2 
1T1 
1T5 

IS  4 
1S6 

151 
1S10 

IS  5 
1ST 
1S9 
1S8 

152 

153 

2024 
2L4 
2L5 
2  LI 
2L9 
2L8 
2LT 
2L2 
2L3 
2L6 

2T4 

2T3 

2T6 

2T5 

2T2 

2T1 

2T8 


Cond. 

T851 

T851 

T851 

T853. 

T6 

t6 

ST 

3T 

T851 

T851 

T851 

T851 

T851 


Special  X-Head 
Cond.  in/min 


EP-SS 

SS 


SS 

EP-SS 


T851 

.005 

T851 

90° 

.005 

T851 

EP 

.05 

T851 

EP 

.005 

T851 

EP-90° 

.05 

t6 

.05 

t6 

EP 

.05 

ST 

.05 

T351 

.05 

T351 

EP 

.05 

T351 

SS 

.05 

T351 

SS 

.05 

T351 

EP-SS 

.05 

t6 

.05 

t6 

EP 

.05 

ST 

.05 

ST 

EP 

.05 

T351 

.05 

T351 

.05 

T351 

.05 

T351 

.01 

SS 

EP-SS 


45-8 

45.9 

46.0 

49.8 

43.9 
34.5 

17.3 

16.3 

45.2 

48.2 

47.8 

48.2 

45.2 

48.2 

48.8 
48.7 
48.6 
47-7 

47.3 

44.4 

30.2 

17.5 

53.2 
55-6 

49.1 

50.1 

52.3 

53.4 
4l.O 
16.0 
22.1 

48.2 

48.4 

48.3 
51-5 
50.6 
50.6 
48.8 


62.3 

60.3 

61.7 

65.2 

59.8 

51.5 

44.2 

43.1 

62.6 

63.2 

64.7 
64.o 

60.9 

61.7 

60.3 
58.5 
60.9 
53.0 

51.8 

57.2 

48.2 

43.2 

71.0 

71.9 
64.0 
65.0 
68.4 

65.1 

51.O 

42.7 

50.0 

67.9 

66.0 

65.1 
67. T 
68.6 

66.2 

66.9 


NE/ep 


9.6 

9.2 

9.2 

9.1 

13.1  1 

10.6 
26.3 
25.0 

6.0 

8.1 
8.8 
7.9 

4.5 

4.2 

3.2 

2.5 

3.3 

1.1 

1.3 

4.6 

6.3 

18.4 

8.9 

11.5 

16.7 

16.4 

20.5 

6.2 

7.8 

17.8 
18.2 

9-8 

11.1 

10.1 

8.9 
12.4 

12.9 

13.6 


32292 

21380 

22360 

(60000) 

55300 

78138 

(70000) 

68365 

61600 

34510 

24000 

696OI 

61570 

75698 

41500 

13660 

ll600 

10520 

(40000) 

6250 

56354 

72466 

39700 

36470 

(30000) 

33270 


2460 

(4500) 

5220 

2970 

(3000) 

11400 

10100 

3920 

3040 

15500 

14650 

23600 

16600 

4i40 

10500 

8100 

(9000) 

990 

3060 

8150 

3450 

2190 

(2000) 

1620 


(70000)  (10000) 
_ —  1  —  r\r\r\ 


7040 

75839 

(40000) 

111574 

124967 


900 

4260 

(2000) 

11400 

11300 


(110000)  (10000) 


94050 

125488 

50773 

48210 


lObOO 

10100 

3940 

3540 


along  the  plate  longitudinal,  long 
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Specimen 

Number 

Cond. 

Special 

Cond. 

2024 

2S4 

T351 

2S9 

T351 

2S8 

T351 

2S7 

T351 

EP 

2S1 

T351 

MP 

2S5 

T6 

2S2 

t6 

EP 

2S3 

ST 

2S6 

ST 

EP 

2048 

5L5 

(t6) 

EP 

5L4 

(t6) 

EP 

5T5 

(t6) 

5T4 

(T6) 

EP 

5S5 

(t6) 

5S4 

(t6) 

EP 

1215., 

7L6 

t6 

7L7 

t6 

7L5 

t6 

EP 

7S6 

t6 

7S5 

t6 

EP 

1100 

5li 

HI  4 

EP 

8L2 

0 

EP 

8T1 

HlU 

EP 

8T2 

0 

EP 

6061 

9L2 

t6 

9L3 

t6 

9L1 

t6 

EP 

982 

t6 

9S1 

t6 

EP 

A533  Steel 

3L4 

Gr.B-C1.2 

3T4 

Gr.B-i 

31.2 

3S4 

Gr.B-' 

Cl. 2 

hy-80  Steel 

4L4 

AR 

4t4 

AR 

4s4 

AR 

Table  III.  (continued) 


X-Head 

in/min 


°Y 

ksi 


°ULT 

ksi 


.05 

.01 

.005 

.005 

.05 

.05 

.05 

.05 

.05 


48  1 
U6.7 
1+5-6 
uu.u 

U2.7 

53.6 

U2.8 

15-5 

23.3 


58.3 

59-0 

57-0 

56.9 

55.8 

59-3 

50.5 

Ul.7 

UU.8 


3.4  10U116 

3.3  54400 

2.5  53000 

6.8  58400 

4.1  -670GJ 

1.8  (70000) 

3.8  12760 

10.2  46622 

9-1 


30600 

16500 

21200 

8600 

16000 

(40300) 

3360 

4570 


.05 

59-5 

64.8 

.05 

61.2 

65. 8 

.05 

.05 

61.4 

61.8 

66.5 

66.7 

.05 

57.8 

64.2 

.05 

58.5 

65.0 

.05 

75.8 

88.0 

.05 

76.4 

87.4 

.05 

68.7 

79-4 

.05 

70.5 

79-0 

.05 

70.8 

78.9 

.05 

15.0 

16.O 

.05 

~1.0 

11.7 

.05 

15-8 

16.6 

.05 

~  1.0 

10.6 

.05 

4o.6 

43.8 

.05 

39.2 

42.9 

.05 

41.2 

44.4 

.05 

.05 

40.3 

38.2 

44.6 

41.2 

.05 

79-8 

101.5 

.05 

78.9 

99.2 

.05 

72.2 

87 .6 

.05 

82.0 

103.1 

.05 

84.5 

105-9 

.05 

84.7 

105.5 

5.9 

5-2 

11620 

11580 

j-970 

2230 

3.8 

4.1 

11300 

14200 

2970 

3470 

4.8 

3.9 

11100 

18500 

2320 

4750 

12.8 

9.4 

13.3 

23380 

(20000) 

(16000) 

1830 

(2100) 

(1200) 

1.9 

2.2 

15250 

(12000) 

8030 

(5500) 

16.5 

50.0 

298 

21716 

18 

410 

11.7 

50.3 

130 

9400 

11 

190 

11.1 

l4.0 

15.5 

570 

(6000) 

(5000) 

51 

(400) 

(300) 

6.7 

5-7 

8430 

(6000) 

1260 

(1000) 

21.0 

22.5 

7-0 

1139 

3990 

11934 

54 

177 

1710 

21.1 

22.8 

20.8 

504 

1820 

3450 

24 

80 

166 
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indicate  a  change  in  the  dominant  AE  generation  mechanisms.  More  work  is 
needed  to  clarify  this  point. 

Frequency  spectra  of  AE.  Above  each  of  the  curves  in  Figs.  2  and  3, 
the  relative  numbers  and  times  of  occurrence  of  AE  having  four  distinct 
frequency  spectral  types  are  indicated  by  the  relative  densities  of  the  lines 
drawn  there.  In  Fig.  U  are  shown  frequency  spectra  of  single  AE  bursts 
illustrating  these  four  spectral  types;  (a)  white  noise  (WN),  (b)  high 
frequency  (Type  II),  (c)  low  frequency (Type  i),  and  (d)  peaked  (Type  III). 

It  can  be  seen  in  reference  to  Figs.  2  and  3  that  most  of  the  AE  bursts  had 
a  spectrum  which  was  either  very  nearly  white  noise  or  was  shifted  to 
higher  frequency  than  WN  as  illustrated  by  the  Type  II  frequency  spectrum. 

There  was  some  tendency  for  AE's  having  these  two  types  of  spectra  to  occur 
at  specific  times  during  a  given  tensile  test,  but  some  specimens  were 
predominantly  either  Type  II  or  WN  emitters .  In  all  instances  large  numbers 
of  brittly  fractured  intermetallic  particles  were  observed  on  the  main  fracture 
surface.  However,  tnere  was  a  large  variability  in  the  amount  of  brittle 
matrix  fracture  with  the  various  test  conditions  and  no  correlation  could  be 
detected  between  the  occurrence  of  these  two  AE  sources  and  the  two  principal 
spectral  types.  Mathematical  models  of  the  sources  of  AE  which  predict  the 
occurrence  of  both  WN  and  Type  II  spectra11  »l£L  suggest  that  a  common  feature 
of  these  sources  is  that  the  stress  release  occurs  very  rapidly  (comparable 
to  the  reciprocal  of  the  highest  frequency  observed)  over  a  localized  region. 
Both  the  primary  and  secondary  sources  of  the  AE  which  we  believe  to  be 
operative  (the  brittle  fracture  of  intermetallic  particles  and  of  small 
regions  of  matrix  material  observed  in  these  specimen)  can  be  described  by 
such  a  model.  An  iterative  feedback  process  between  the  experimental  results 
and  the  mathematical  modeling  is  in  progress  and  may  soon  provide  a  better 
description  for  the  subtle  source  differences  that  produce  WN  as  opposed  to 
Type  II  spectra. 

A  small  percentage,  perhaps  1#,  of  all  the  AE  bursts  analyzed  did  not 
fall  into  either  one  of  the  two  spectral  classes  described  above.  These  are 
illustrated  in  Fig.  U  by  the  Type  I  low  frequency  spectrum  and  the  Type  III 
peaked  spectrum.  In  addition  to  these  there  were  a  few  (less  than  0.1fl») 
which  could  not  be  classified  into  any  of  the  four  types  shown  on  Fig.  h. 
Although  there  were  relatively  few  of  the  Type  I  and  Type  III  AE  bursts, 
their  occurrence  is  of  importance  since  they  tended  to  occur  only  at  specific 
times  during  a  test  or  only  under  certain  test  parameter  conditions.  An 
example  is  for  A533  steel  where,  for  the  specimens  having  S-orientation 
(specimen  3SU  in  Fig.  3),  the  majority  of  the  AE  bursts  which  occurred  during 
the  final  stages  of  crack  growtn  had  the  Type  I  frequency  spectrum.  For  A533 
specimens  in  the  other  two  orientations  this  was  not  the  case.  A  striking 
difference  in  the  appearance  of  the  fracture  surface,  observed  using  Scanning 
Electron  Microscopy  (SIM),  was  the  occurrence  of  large  regions  of  low  energy 
fracture  on  the  fracture  surface  of  specimen  3SU  as  illustrated  in  Fig.  5c. 

The  precise  nature  of  these  areas  is  not  currently  known.  Another  example 
of  the  occurrence  of  the  Type  I  AE  bursts  was  for  20^8  A1  specimen  5T5* 

A  feature  of  the  fracture  surface  which  was  observed  for  this  specimen  was 
the  delamination  of  the  layered  alloy  structure  along  grain  boundaries 
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(a)  TYPE  WN 


(b)  TYPE  II 


(c)  TYPE  I 


(d)  TYPE  III 


FREQUENCY  -  MHz 


The  four  distinct  types  of  ^rsolicfcurveTn  each  case  is 

individual  acoustic  emission  events.  Tho  toll  referred  ln 

the  frequency  spectrum  of  hlc|,  repre3ents  the  flat  frequency 

amplitude  to  the  stra^ht  baseli, l  ,  hi  ^  transducer-preamplifier 

9PeM^ti°on  th?4“  li-  i:  t'hl  response  of  the  transducer  to 
acoustic^white  noise,  which  is  shown  for  comparison. 
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which  occurred  when  the  tensile  axis  was  in  the  long  transverse  direction. 

Figure  5b  is  a  micrograph  showing  the  delamination.  Quite  a  few  of  the 
Type  I  AE  hursts  were  generated  during  the  test  of  this  specimen,  whereas 
there  were  none  observed  for  the  other  two  orientations  of  this  material 
for  which  no  delamination  occurred.  A  common  feature  of  the  sources  of 
AE  which  are  believed  to  result  in  the  Type  I  frequency  spectrum  in  -he 
2048  A1  and  in  the  A533  steel  was  that  large  regions  fractured  in  a  low  energy 
but  not  entirely  brittle  fashion  which  can  be  imagined  to  have  occurred  over 
a  period  of  several  microseconds.  Referring  again  to  the  mathematical 
models  which  have  been  developed,  a  source  vhich  undergoes  a  stress  release 
with  a  duration  of  several  microseconds  would  result  in  the  frequency 
spectrum  which  we  have  designated  as  Type  I. 

Acoustic  emissions  having  the  Type  III  frequency  spectrum  occurred  more 
rarely  and  at  more  random  intervals  during  specimen  testing  than  did  the 
Type  I  AE  bursts.  However,  in  5  of  the  specimens  tested  (1S5,  1S2,  2L  , 

2S2  9L2)  the  Type  III  burst  predominated.  Three  of  these  (1S2,  2L2,  d'od) 
were  in  a  heat  treat  condition  which  was  different  from  all  other  specimens, 
as  will  be  discussed  later.  The  appearance  of  the  fracture  surfaces  of  these 
three  specimens  was  unique  in  that  there  were  large  regions  of  brittle 
fracture  involving  both  intermetallic  particles  and  small  regions  of  matrix 
as  shown  in  Fig.  5a.  It  is,  therefore,  tempting  to  correlate  the  Type  I 
AE  with  the  occurrence  of  brittle  fracture  of  large  regions  of  material. 

However,  two  additional  specimens,  1S5  and  9L2,  which  had  a  predominance 
of  the  Type  III  AE  showed  only  a  small  amount  of  this  type  of  fracture  on 
the  main  fracture  surface.  This  leaves  some  question  as  to  the  source  of 
the  Type  III  AE  bursts. 

Effect  of  experimental  parameters.  The  mechanical  and  AE  data  for  all 
the  specimens  tested  are  shown  in  Table  III.  The  last  column  of  this  table 
shows  the  ratio  of  the  total  umber  of  AE  events  which  were  counted  to  the 
total  percentage  plastic  strain  in  the  specimen.  This  ratio  is  only  a 
convenient  way  of  normalizing  the  AE  data  to  some  parameter  of  the  widely 
varying  mechanical  properties  of  the  specimens.  It  is  not  our  ^ten  o 
imply  that  it  has  any  basic  physical  significance.  The  entries  in  the  las 
two  columns  which  are  in  parentheses  are  data  which  were  obtained  during 
testing  of  a  single  batch  of  specimens.  The  event  counter  which  had  been 
used  for  all  of  the  other  specimens  was  not  available  for  use  for  this  batch 
and  another  one  was  substituted.  The  result  was  that  a  larger  number  of 
events  were  counted  for  each  of  the  specimens  than  was  expected.  Corrections 
to  these  data  were  made  using  the  results  of  a  number  of  control  specimens  . 
which  had  experimental  parameters  identical  to  previously  tested  specimens, 
and  by  observation  of  the  AE  signals  on  the  oscill.BCope  when  played  back 
from  the  magnetic  tape  recording.  As  a  result  comparisons  between  the  data 
which  are  in  parentheses  can  be  considered  completely  valid,  while  comparisons 
with  the  rest  of  the  data  may  include  an  uncertainty  of  as  much  as  50*. 

Table  IV  is  a  summary  of  the  effect  of  orientation  of  the  tensile  axis  on 
emission  behavior  including  some  comments  on  the  general  AE  and  fracture  behavior  ot 
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Table  IV.  Effect  of  orientation  on  Ng/ep  for  all  the  materials  tested  in 
the  as  received  condition. 


COMMENTS 


202h  T351  8000  11000  23000 
2219  T851  2800  11000  18000 


Many  broken  inclusions  on  fracture  surface 
ductile  matrix  fracture. 

More  crack  growth  on  parallel  planes  from 
crack  initiation  sites  on  the  lateral 
surfaces;  more  brittle  fracture  of  matrix; 
T-intermediate  between  appearance  of  L  and 
S  specimens. 

-  (Specimens  1S10  and  1S9)  large  peak  in 
N„  at  ~  o/2. 


Insufficient  number  of  broken  inclusions  on  main 
fracture  surface  to  account  for  Ng. 

Sufficient  broken  inclusions  on  lateral  surfaces 
-  generally  ductile  fracture. 


2000 


Nearly  isotropic  fracture  and  AE  behavior  -  very 
little  brittle  fracture  of  matrix. 

Delamination  in  T-orientation.  Low  inclusion 
content  and  fewer  broken  compared  to  2219  &  202b . 


2000  3000  3000 


Limited  numbers  of  broken  inclusions  -  increased 
brittle  fracture  of  matrix  in  S-orientation 
contributed  to  high  AE  for  S. 


1100  HlU 


Very  few  broken  inclusions  -  very  ductile 
fracture. 


Very  ductile  fracture  -  few  regions  of  brittle 
grain  cleavage  -  quite  a  few  large  regions  of 
low  energy  fracture  (at  grain  boundaries?)  in 
S-orientation . 


Very  ductile  fracture  -  few  regions  of  brittle 
matrix  fracture. 
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.  -i.  There  is  an  excellent  qualitative  correlations 

the  various  materials.  Th  (normalized  to  the  total  plastic  strain) 

between  the  number  of  ^.^fj^^matrix  fracture.  In  reference 
and  the  occurrence  of  brittle  parti  intermetallic  particles 

to  the  data  of  Table  I,  at  is  seen  thattt>e  ^  prone  to  brittle  fracture, 
in  the  aluminum  alloys  are  foun  .  ly  smaii  intermetallics , 

S„,  for  instance,  for  A1  f ^lB^f oflntermetallics  was  minimal, 
burst  emission  was  low  and .  material  compared  to  that  for  A1  707;. 

The  appearance  of  the  A^  slg^  ^  event  rate  are  shown  in  Fig.  6.  The 
an  average  emitter,  at  the  maximum  AE  e^  ae  material)  specimens 

S^els  Energy  matrir  fracture. 

.  ..  onoU  and  2219  aluminum,  load  drops  weie 

In  testing  of  solution  treate  strain  region.  The  load  drops  have 

observed  during  loading  in .the ^  activity  as  illustrated  by  the  oscilloscope 
been  associated  with  flurries  amplitude  AE  activity  was  observed 

trace  of  Fig.  8c.  Similar,  but  f  course>  very  ductile 

near  failure  for  A1  1100.  also ’results  in  more  ductile 

(Fig.  8a)  and  the  solution  *  plastic  deformation  or  the  frac 

^dcnCced:"nng  5f  SiSlWUW  of  both  sources  has  been  obtained  by 
others!8>l^. 

Following  solution  treatment,  n°resIlltingl+innmore1brittle  matrix 
further  heat  treated  to  the  T6  in  the  Orientation  specimens, 

fracture  which  was  particularly  events.  One  batch  of  specimens  wluch 

These  specimens  also  produced  mo  2S2)  had  a  much 

was  presumably  heat  treated  in  this  »ay  these  specimens 

lower  yield  point  and  produced  relatively  few  AE  which 

uere  STlTE  -e^ency  spectra. 

For  aluminum  specimens  cut  from  "'“^'^^(ed'dur.ns  aPtest  was 
(the  top  1/8  inch),  the  total  number  6 generation  was  delayed  until 

*S5’~  *  due  to  pre-test  fracture  of  some 

of  the  intermetallics. 

The  electropolishing  of  selected  specimensjver  ™g.  9. 

found  to  reduce  the  number  of  “hack  init  ground  (unpolished)  condition 

Specimens  tested  with  their  pities  at  the  surface  of 

had  more  cracks  initiated  at  th  when  the  load  was  about  three- 

the  specimens.  By  halting  a  Yielding  it  was  established  that  surface 

quarters  of  the  load  required  for ^tfS’^re  the  primary  cause  of  the  AE. 
cracks  initiated  tdow  this  ^  ^  ld  int.  In  the  electropolished  condition 
events  which  occurred  below  tne  yieia  yv 
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•  ■>  4-  +hP  surface  were  fractured  and  a  smaller 

fewer  number  of  the  particles  a  into  the  matrix  material.  The  net 

roportion  of  these  lectures  prop^ated  Intotb^  ^  ^  of  AE  events 

sffect  was  a  reduction  by  about  a  f  ^  specimens.  An  opposite  effect 

generated  in  most  electropolished  alumin  : P  In  this  material 

«  observed  to  occur  for  the  ^  below  yield  orach  initiation, 

sr  rr  ti’TJ.nr. * *>- 

^aTh-be/of  of  which  bad  the  low  frequency  Type 

SPeCtThe  effect  of  mechanically  polisbing  the  » 3T“ 

2S  ?he  y  ield^o  int  ^buf6  otherwi  s  e  bad  no  effect  on  tbe  fracture  behavior  o 
the  number  of  AE's  generated.  ^ 

The  strain  rate  of  tbe  tensile  taat^ad  no  eff^t  oj,  eitbe^tbe  rac 

behavior  or  tbe  AE  “  “^0^1100  “pecans  in  Table  ill.  The 

can  be  seen  particularly  for  the  1  orl*n  ,  reproducible  apparently 
AE  data  for  the  S-orientation  spec  of  this  orientation  to  rando  y 

because  of  the  greater  tenancy  f  P  x  parallel  fracture  planes, 

develop  significant  crack  growth  along  there  is  no  systematic 

rfaU;„T„nt^  bSr^Sanging  strain  rate. 


iummary 

In  terms  of  the  immediate  aims^and  ^^^^loyfstudied  J l 
te  have  identified  the  sources  uarajneters  and  have  qualitatively  char 

function  of  the  various  experimental  parameter^  ^  materials  „e 

acterized  the  quite  different  AEbehavi.  ^  frequency  spectra  which, 

have  identified  characteristic  features  ^  gource  of  the  AE.  Comparison 

in  some  cases,  were  uniquely  “s^h^ticai  models  indicates  that  the  white 
of  these  frequency  sPect™  **  ^  are  generated  by  a  very  rapid  stress 

noise  or  high  frequency  Type  II  AE  »  «  AE  having  the  low 

release  over  a  localized  region  ^slower  stress  release  mechanism 

frequency  Type  I  spectrum  are  Ysourc->  of  the  Type  HI  AE  has 

acting  over  a  larger  region  of  ma^er*  ..  oCCUrrence  of  this  unusual 

not  been  positively  identified.  *«i£uty  for  the  identification 

frequency  spectral  type  Provides  anoth  ^teristic  feature  of  the  AE  signal 
of  an  AE  source  by  identification 

tt  .  ..  I®  data  from  one  material 

In  terms  of  the  ultimate  goal  cf «J^that  an  understanding 
or  pne  set  of  test  conditions  to  tbe  test  and  tbe  Indirect 

of  the  direct  effects  of  the  vari  ?  behavior  and  associated  AE 

effects  of  the  microst: ructi ore  on  thi e  ^  extrapolations  can  be  made, 

need  to  be  better  understood  before  rfliaoi. 
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In  terms  of  the  goal  of  determining  flaw  critieality  from  characteristics 
of  the  AE  signal  two  points  might  be  inferred  from  this  study. 
the  specimens  tested  the  transitions  from  „d  the 

rapid  crack  growth  was  accompanied  by  »he  occurence  T™?observatlon  has 

flaw  criticality  1.  .“^""^1”'^' 

^rrsr^Siug.2 ' 

related^tcTthe  observation^f^a'skewness^between^the  rms  voltage  amplitude 

more  specifically,  with  the  onset  of  unstable  crack  growth. 
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